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Surface modifications of metal oxides and polymer substrates are widely adopted approaches to
alter the properties of these materials for use with specific applications. In the first part of my
thesis, I describe how we have modified the surface of magnetic particles (Fe3O4) with layers of
SiO2 and TiO2 to generate photocatalysts that remove toxic chemicals from drinking water.
Semiconductor photocatalysts, such as TiO2 have gained much interest over the last 20 years as
promising materials for water treatment. However, a main drawback centers on the difficulty to
remove the catalyst from the water which has made it very difficult to implement this material in
real-world applications. To solve this issue, we have developed novel photocatalysts that have the
commercially available, and what are widely accepted as the “gold standard”, TiO2 particles
sintered to the magnetic core. These coated magnetic particles are then rendered robust by
applying an overcoat of a SiO2 or TiO2 sol-gel layer. This multilayered material showed excellent
performance in terms of reusability, photocatalytic activity, and particle recovery when tested in
aqueous environments. In the second part of my thesis, I have developed a novel approach for
surface modifying a naturally abundant biopolymer nanomaterial, cellulose nanofiber (CNF), for

application in additive manufacturing or 3D printing. The biggest challenges to making CNF
suitable for this technology involve the dewatering/drying of CNF suspensions and tuning the
surface chemistry of CNF to render the material compatible with 3D printable thermoplastics. The
novelty of our approach involves the use of supercritical CO2 (scCO2) for both drying the CNF
and as a solvent for performing surface reactions. Using in situ IR spectroscopy, we show that the
main reason that scCO2 is effective at drying CNF is because the solvent has no surface tension
and thus, fully wets the CNF, which in turn, enables the water to transfer into the fluid phase.
Furthermore, there is no aggregation of the fibers upon removal of the scCO2 which results in
fewer water molecules trapped between the fibers of the CNF. IR spectroscopic studies, using
D2O as a probe molecule, show that scCO2 is an effective solvent for bringing reagents into the
interior of the fiber structure This translates to high levels of esterification which occurs when
CNF was reacted with acetic anhydride in the presence of pyridine as a catalyst. To show the
practical use of these materials, a 3D printable composite was fabricated by blending surfacemodified CNF with thermoplastics. We also demonstrated that scCO2 provides an avenue to postsurface treat CNF based films. Films of CNF/CaCO3 were rendered hydrophobic and shown to
maintain mechanical properties after immersion in water. This has implications for the use of biobased plastics, as a substitute for traditional petroleum-based plastics, for use as disposable plates,
utensils, and straws, to name a few.
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CHAPTER 1: INTRODUCTION

The introduction section contains the background information regarding the two main topics of
my thesis. The first section of the introduction provides the background related to the development
of photocatalytic materials and the second half of the introduction provides an introduction
regarding the surface modification of CNF in supercritical CO2.
1.1
1.1.1

Background to photocatalytic section
Water Treatment
The major sources of drinking water are ground and surface water. Surface water refers to

accumulation in lakes, rivers, reservoirs, and streams. Surface water is open to the atmosphere,
runoffs from agricultural lands, municipal and industrial wastes, animal feces, and aquatic life. In
contrast, groundwater is stored in underground reservoirs between the cracks and pores of soil and
rocks. Groundwater is pure, compared to surface water, because it undergoes percolation through
the soil and therefore, does not contain suspended solids. Furthermore, groundwater is generally
low in dissolved oxygen, rich in CO2, free from microorganisms, and contains many minerals1–3.
The difference between the quality of surface and groundwater has led to different
treatment procedures to meet EPA regulations for safe drinking water. The first step to treat
groundwater is aeration, to remove the CO2 and incorporate O2 in the water. The aeration step is
followed by a stripping step which is used to oxidize Fe2+ to Fe3+, Mn2+ to Mn4+, and NH4+ to NO3-.
These oxidized products are removed by rapid sand filtration. The treated water is then passed
through activated carbon to remove micropollutants4.

1

Since surface water is more polluted compared to groundwater, the steps for treating water
are different. The first step involves removing the suspended solids by coagulation, flocculation,
and sedimentation. Generally, Al (III) and Fe (III) salts are added to induce coagulation and
flocculation. The flocs are then removed by sedimentation. The water is then passed through
activated carbon to remove micropollutants. The next step is disinfection, and the most used
method to accomplish this is chlorination. However, chlorination is becoming undesirable because
of the formation of byproducts, such as trihalomethane (THM) and halo acetic acids (HAA)5.
Furthermore, pharmaceutical products, industrial chemicals etc. are not effectively treated with
chlorination. As an alternative disinfection method, advanced oxidation processes (AOP) have
gained widespread interest for water treatment due to its high oxidizing ability and less toxicity5,6.
1.1.2 Advanced Oxidation Process (AOP)
AOPs involve the in situ generation of hydroxyl (OH•) radicals that are responsible for the
oxidation of toxic organic compounds in water7,8. The OH• radicals are highly oxidative and nonselectively react with organic compounds. Examples of OH• producing AOPs include ozone(O3),
peroxone (O3/H2O2), Fenton reagent (Fe2+/H2O2), and photocatalyts (light and catalyst). Ozone has
a high oxidation potential which can result in the direct oxidation of electron- rich compounds.
Ozone also decomposes and reacts with water to produce OH• in high pH (<10) environments (see
Equation 1.1)9. In the case of peroxone, the addition of H2O2 to the ozone increases the amount of
OH• formed (Equations 1.2 and 1.3). The major drawbacks of ozone technology include the cost
of making ozone gas, the short-lived nature of ozone and the toxicity related to bromate formation.
3𝑂3 + 𝐻2 𝑂 → 2𝑂𝐻 • + 4𝑂2

(1.1)

𝐻2 𝑂2 → 𝐻𝑂2•− + 𝐻 +

(1.2)
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𝐻𝑂2•− + 𝑂3 → 𝑂𝐻 • + 𝑂2− + 𝑂2

(1.3)

𝐹𝑒 2+ + 𝐻2 𝑂2 → 𝐹𝑒 3+ + 𝑂𝐻 • + 𝑂𝐻 −

(1.4)

𝐻2 𝑂2 + 𝐹𝑒 3+ → 𝐹𝑒 2+ + 𝐻2 𝑂• + 𝐻 +

(1.5)

The Fenton process involves a reaction of Fe2+ with H2O2. In this process, OH• radicals are
formed from H2O2 in the presence of Fe2+ ion (Equation 1.4)10. The Fe3+ ion reacts with H2O2 to
regenerate Fe2+ ion (Equation 1.5)10. However, the rate of Fe2+ regeneration is about 3000 times
lower than the consumption which leads to the formation of an Fe(OH)3 sludge. Hence, additional
steps are required to remove this sludge. As a result, UV disinfection has gained much interest
because of its inherent resistance to fouling and because of its ability to disinfect bacteria, viruses,
and protozoa.
Figure 1.1 shows the UV treatment facility in the Bangor water treatment plant. The treated
water is passed through a UV chamber (indicated by the black cover) to remove microorganisms.
The UV radiation alters the DNA and RNA of microorganisms which inhibits replication 11.
However, UV radiation by itself does not decompose organic pollutants in water.

Figure 1.1 UV disinfection facility at the Bangor water treatment plant
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A photocatalyst is required to absorb the UV radiation to produce electron-hole pairs. The
holes react with water to produce OH• and the electrons react with O2 to produce O2 superoxide
and these react with organic pollutants.
1.1.3 Photocatalysis
Photocatalysis involves absorption of light energy, generation of electron-hole pair,
separation of electron-hole pair, followed by redox reaction utilizing electron-hole pairs.
Photocatalysts can be homogeneous and dissolved in solution or be insoluble and involved in
heterogeneous catalysis12. The most studied homogeneous catalytic systems are the Photo Fenton
(Fe2+/H2O2/hν)13 and the polyoxometalates (POM)14. The Photo Fenton process is shown in
Equation 1.6. The UV light regenerates the Fe2+ from the Fe3+, a product of the Fenton process,
and produces OH•.
𝐹𝑒 3+ + 𝐻2 𝑂 + ℎ𝜈 → 𝐹𝑒 2+ + 𝑂𝐻 • + 𝐻 +

(1.6)

POM’s are complex structures formed by condensation of small oxometallate groups, such
as VO3-, MoO42- and WO42-, under acidic condition. Sometimes, another metal anion is also
introduced, such as SO42-, PO43- or SiO44-. An example of heteroatomic polyoxometalate is shown
in Figure 1.2a14. These complexes absorb light in the 200-500 nm region. Upon photoexcitation,
there is an electron transfer from oxygen to metal ligand, resulting in a highly oxidative
photoexcited cluster species. This can directly oxidize or produce OH• in the presence of water to
degrade organic contaminants into CO2 and H2O. The POM cluster can be regenerated by O2 or
H2O2 (Figure 1.2b)14. The disadvantage of using homogeneous photocatalysis is the separation of
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the catalyst from the reaction medium. Therefore, these catalysts are sometimes deposited on solid
substrates.
(a)

(b)

Figure 1. 2: (a) POM synthesis and (b) working principle of POM (reproduced from ref 14)

Figure 1.3: Heterogeneous Photocatalysis (adapted from ref 18)

5

In heterogeneous photocatalysis, the photocatalyst is not dissolved in water and hence,
separation of the catalyst after treatment is possible. Semiconductor metal oxides, such as TiO2,
ZnO, CdS, Bi2O3, and WO3, are the commonly used heterogeneous photocatalysts15,16. These metal
oxides have filled valence bands and empty conduction bands. When these metal oxides are
exposed to photo energy matching or greater than the bandgap, the electrons move from the
valence band to the conduction band leaving holes behind in the valence band. The holes and
electrons migrate to the surface to react with water and O2 to produce hydroxyl and superoxide
radicals. The other phenomenon that occurs is the recombination of electrons and holes in surface
defect sites and in the bulk. The recombination reduces the overall efficiency of the catalyst 15–17.
Figure 1.3 shows the photocatalytic process18. For the practical use of photocatalyst, it should be
easily available, cheap, non-toxic, thermally stable, and photostable. TiO2 has been the focus of
heterogeneous photocatalysis research because of having all the before mentioned characteristics.
The photocatalytic process involved with TiO2 is discussed in Section 1.3.1.
1.1.4 Titanium dioxide (TiO2), P25
TiO2 is a semiconductor with a bandgap of 3.2 eV which means that it can absorb energy
from light with a wavelength <400nm. The TiO2 has three major crystalline phases, anatase, rutile
and brookite (Figure 1.4)19,20. Anatase and rutile have tetragonal geometry, whereas brookite has
orthorhombic geometry. All three phases consist of a unit cell containing one Ti atom (Ti4+)
surrounded by 6 oxygen atoms (O2-) forming an octahedron20,21.
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Figure 1. 4: Crystalline phases of TiO2 (a) Rutile, (b) Brookite and (c) Anatase
(adapted from reference 20)
Anatase and rutile are mostly studied for photocatalytic applications. It has been established that
anatase has a higher photocatalytic activity compared to rutile. One of the reasons is that anatase
has a longer lifetime for electron-hole pair compared to rutile. This is because anatase has an
indirect bandgap, whereas rutile has a direct bandgap21–23. In case of a direct bandgap, the
conduction band minima (CBM) and valence band maxima (VBM) are aligned.
Energy,

Therefore, the

Energy,

Momentum,

Momentum,

Figure 1. 5: Direct and indirect bandgap semiconductors (adapted from reference 21)
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photoexcited electron, which eventually relaxes to bottom of conduction band, recombines with
the hole directly (Figure 1.5). However, in case of an indirect bandgap, the CBM and VBM are
not aligned. Therefore, the photoexcited electron cannot recombine with a hole directly. This
increases the electron hole pair lifetime. As a result, the electron- hole pairs have longer diffusion
lengths and higher probabilities to undergo surface reactions24.
Another contributing factor towards high photocatalytic activity of anatase is the mobility
of electron-hole pairs21,24. The electron-hole pair with higher mobility can more readily diffuse to
the surface before recombination can occur. The mobility can be measured using the effective
mass of the hole/electron pair. The effective mass is the apparent mass of the electron-hole pair in
the lattice. The relation between mobility and effective mass is given by:
𝜈 = ℎ𝐤/𝑚∗

(1.7)

where h is the reduced Planck’s constant, k is the wave factor, m* is the effective mass of electron
or hole and ν is the charge carrier transfer rate. Effective mass can be measured by fitting parabolic
function in the CBM and VBM region (Equation 1.7).
𝑚∗ =

ℎ2
𝑑2 𝐸
𝑑𝐤2

(1.8)

𝑑2 𝐸

Here, 𝑑𝐤2 is the curvature of the parabola in the CBM and VBM region. The higher the curvature,
the higher the effective mass and therefore, the lower the mobility. It has been found that electrons
in anatase have a lower effective mass compared to rutile21.
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Although the pure anatase phase shows better photocatalytic activity than the pure rutile
phase, a mixture of anatase and rutile has shown to produce even better photocatalytic activity.
P25 is one of the commercial forms of TiO2 which is a mixture of anatase and rutile (80:20)25,26.
P25 is considered the gold standard in photocatalysis and used as a comparison point for every
new synthesized TiO2 based catalyst. It is synthesized using TiCl4 vapor in a flame pyrolysis

Figure 1.6: Different microstructures of P25 (adapted from reference 25)
process. P25 is a solid white powder with a specific surface area of 50 m2g-1 which forms a stable
suspension in water. Several models have been proposed to explain the higher photocatalytic
activity of P25. These include (1) anatase and rutile remain as individual nanoparticles without
forming any heterojunctions (Figure 1.6A), (2) anatase nanoparticles form with a thin layer of
rutile or clumps of rutile embedded in the anatase, resulting in formation of heterojunctions (Figure
1.6B) and (3) similar size of anatase and rutile forming heterojunctions (Figure 1.6C). It has been
hypothesized that the heterojunction gives rise to a potential difference and results in higher
electron hole separation. As a result, P25 shows better photocatalytic activity than pure anatase.
There is debate on the band alignment of anatase relative to the rutile. One alignment favors
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electron transfer from anatase to rutile, while another favors the opposite direction (Figure 1.7).
Both alignments explain the synergistic effect of biphasic anatase and rutile27.

Figure 1.7: Band alignment of anatase and rutile in P25 (adapted from reference 27)
TiO2 has shown promising results for the removal of organic contaminants, such as organic
dyes, phenolic compounds, pesticides, and different emerging contaminants. The major drawback
of using TiO2 photocatalyst in a large scale is its removal from the water stream after treatment.
Therefore, it is important to figure out ways to overcome the practical difficulty of immobilizing
P25 particles on supports.
1.1.4.1

Immobilization of TiO2
There have been many studies on the immobilization of TiO2 on different solid substrates.

There are a few criteria to choose the solid substrate, such as the substrate should be stable during
the photocatalytic degradation process, should provide high surface area, and should have strong
adhesion to the catalytic material28. The most studied substrates are glass, zeolite, and silica28–30.
Apart from these materials, the use of clay, alumina, polymer, steel, and cellulose as supports also
have been reported28.
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Zeolite and silica materials, such as silica gel and SBA-15, are attractive due to their porous
structure and hence, provide a high surface area for TiO2 immobilization31. Nevertheless, glass as
the substrate has been the focus of most studies because it is inert, stable under the condition
required for TiO2 synthesis, stable under photocatalytic degradation process, easily available, and
inexpensive. Since glass does not provide a high surface area, additional synthesis techniques, such
as incorporating surfactants in a sol gel process, have been used to make porous TiO2 films. For
example, Choi et al.32 synthesized porous TiO2 film using polyethylene glycol sorbitan monooleate
surfactant as a pore directing agent. The catalyst showed three times higher photocatalytic activity
compared to a nonporous TiO2 film. The idea of immobilizing the catalyst on the glass slide could
enable the application of these materials by coating the UV lamps inside the reactor.
The immobilization of TiO2 on a solid substrate enables the separation of the catalyst from
the reaction medium but the catalytic efficiency is limited by mass transfer33. As the thickness of
the coating increases, the bulk to surface ratio increases, which decreases the overall photocatalytic
efficiency. An alternative approach to overcome mass transfer issues is to immobilize TiO2 on
magnetic particles. Magnetic core enables ease of collection of the particles after the treatment

Figure 1. 8: The proposed idea of magnetic particles in water treatment plant (adapted from
reference 11)
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(see Figure 1.8)11. Moreover, the mass transport issue of bringing compounds to the immobilized
coated surface is circumvented because the particles are uniformly distributed and mixed with the
solution phase. Our concept would be to introduce the magnetic photocatalysts upstream from the
UV chamber and collect the particles after with magnets to be recirculated back though the
chamber (see Figure 1.8).
1.1.4.2

TiO2 coated magnetic particles
Magnetic- based photocatalysts are mostly a core- shell structure, where the magnetic

particle is at the core surrounded by a shell of photocatalytic material (Fe3O4@TiO2) (see Figure
1.9). Different types of magnetic cores have been used for immobilization of TiO2, such as iron

Figure 1.9: Synthesis of Fe3O4@TiO2 photocatalyst
oxide (magnetite, maghemite), metal ferrites (NiFe2O4, ZnFe2O4, CoFe2O4, SrFe2O4) and black
sand34,35. Iron oxide is the most widely used magnetic core because of its stability, nontoxicity and
availability. Iron oxide has three crystalline phases of magnetite (Fe3O4), maghemite (γ-Fe2O3) and
hematite (α-Fe2O3). Magnetite has a high saturation magnetization (>80 emu g-1) at room
temperature and a high coercivity compared to maghemite (60-64 emu g-1) and hematite
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(<1 emu g-1)36–39. Therefore, magnetite is the preferred choice for developing magnetic-based
photocatalysts.
One approach is to directly grow a TiO2 film on a magnetic particle using a sol-gel method.
The sol-gel method involves hydrolysis of titanium alkoxide, such as titanium isopropoxide or
titanium butoxide, followed by condensation, to form a Ti-O-Ti network (Equations 1.9, 1.10, and
1.11)40,41.
𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝑇𝑖(𝑂𝑅)4 + 𝐻2 𝑂 → 𝑇𝑖(𝑂𝑅)3 𝑂𝐻 + 𝑅𝑂𝐻

(1.9)

𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑇𝑖(𝑂𝑅)3 𝑂𝐻 + 𝑇𝑖(𝑂𝑅)3 𝑂𝐻 → (𝑂𝑅)3 𝑇𝑖 − 𝑂 − 𝑇𝑖(𝑂𝑅)3 +
𝐻2 𝑂

(1.10)

𝐴𝑙𝑐𝑜ℎ𝑜𝑙 𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑇𝑖(𝑂𝑅)3 𝑂𝐻 + 𝑇𝑖(𝑂𝑅)3 𝑂𝑅 → (𝑂𝑅)3 𝑇𝑖 − 𝑂 − 𝑇𝑖(𝑂𝑅)3 +
𝑅𝑂𝐻

(1.11)

The sol is generally a stable suspension consisting of the hydrolyzed alkoxide and partial
condensed Ti-O-Ti network. The gelation starts by polycondensation of the hydrolyzed alkoxides.
The resultant gel is aged for different amounts of time during which the condensation reaction
continues. After aging, the gel is dried and calcined at 450-550oC to complete the condensation
reaction to achieve crystallization of the TiO2 nanoparticles40,41.
There are several methods used to coat magnetic particles with TiO233. Magnetic particles
are generally dispersed in the solvent and water mixture, followed by dropwise addition of titanium
alkoxide precursor. The particle provides a surface for the sol-gel network to grow on. Afterwards,
the particles are separated out from the suspension, dried in an oven and finally, calcined for
crystallization of TiO2 nanoparticles. Hydrothermal, solvothermal and vapor-thermal methods are
also used for coating the magnetic particles with TiO233,42. All these methods involve adding the
13

suspension of the alkoxide, solvent and magnetic particles in an autoclave lined with a Teflon
container. The autoclave is then heated at 150-200oC for different amounts of time and the high
temperature and pressure induce the crystallization of the TiO2. In the case of hydrothermal
synthesis, the solvent is water whereas, in solvothermal based synthesis, an organic solvent, such
as ethanol or propanol, are used. In the case of vapor thermal methods, the water is added in
between the autoclave and the Teflon liner. When the whole system is heated, the water vaporizes
and hydrolyses the titanium alkoxide43. There has also been some studies that involve making a
paste or suspension of TiO2 and physically mixing this with the magnetic particles44.
A method developed in our laboratory is to physically blend a crystalline TiO2 powder onto
the magnetic particles and then anchor these through a high temperature sintering process. In this
method, a paste is first made using water and crystalline TiO2 powder. Then, the Fe3O4 powder
and TiO2 paste is mechanically mixed, followed by calcination at >450oC. This heat treatment
allows the binding of the TiO2 to the magnetic core. The attractive aspect of this approach is that
it can be used to anchor both sol-gel and P25 TiO2 particles45.
The photocatalytic performance of Fe3O4@TiO2 has been evaluated using the degradation
of different organic contaminants, such as dyes, phenols, and pathogenic bacteria. Beydoun et al.
had developed a sol-gel TiO2 coated magnetic photocatalyst by using titanium butoxide as the
titanium precursor46. They measured the rate of mineralization of sucrose under UV light. The
best magnetic photocatalyst took 15 minutes to mineralize 25 ug of carbon added as sucrose. Adel
et al. synthesized magnetic photocatalyst by physically mixing Fe3O4 with a TiO2 suspension47.
The interaction between the iron oxide and TiO2 was based on the opposite charge interaction. The
point of zero charge for Fe3O4 and TiO2 are pH 7.5 and 6.5, respectively. The synthesis was carried
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out at pH 7. At this pH, Fe3O4 and TiO2 are positively and negatively charged, respectively. The
opposite charge interaction resulted in an agglomerated TiO2 coating on the Fe3O4.

Figure 1. 10: Electron hole recombination in Fe3O4@TiO2
Studies have shown that even though Fe3O4@TiO2 particles can degrade organic
contaminants, they were not as active as pure TiO2 on a total mass basis. The position of the
conduction band of Fe3O4 is lower than TiO2 and the valence band position is higher than TiO233,48.
The close contact between Fe3O4 and TiO2 enables movement of electrons from the TiO2
conduction band to the Fe3O4 conduction band which increases the electron- hole recombination
(see Figure 1.10). As a result, the iron core undergoes photo dissolution under UV illumination.
Both phenomena lead to a lower photocatalytic activity of Fe3O4@TiO2 particles. To overcome

Figure 1. 11: SiO2 barrier in Fe3O4@TiO2 particles
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this issue, depositing of an insulating layer in between Fe3O4 and TiO2 has been proposed33. Most
of the studies utilize a SiO2 coating for this purpose. The SiO2 coating acts as barrier for the
electron to hop from the TiO2 to Fe3O4 core (Figure 1.11).
There are numerous publications involving Fe3O4@SiO2@TiO2 particle synthesis. The
SiO2 coating on a magnetic particle is done by a sol-gel process using tetra ethyl ortho silicate
(TEOS) as a silica precursor. The SiO2 layer inhibits electron migration into the Fe3O4 core, thus
increasing the photocatalytic activity of the catalyst. The SiO2 layer also prevents the phase
transition of magnetite to hematite that occurs when heating >400oC during the calcination step
required for the crystallization of TiO249,50.
Although the SiO2 barrier reduces the electron transport to the core, the catalytic activity
of Fe3O4@SiO2@TiO2 is lower than obtained for commercial P25. For example, Beydoun et al.
have studied mineralization of sucrose using Fe3O4@SiO2@TiO2 catalysts48,51. They reported that
a SiO2 barrier inhibited the photo dissolution of the iron core, but the photocatalytic activity was
lower, compared to P25, on a total mass basis. Lucas et al. studied degradation and mineralization
of reactive black 5 using a Fe3O4@SiO2@TiO2 catalyst52. The catalyst showed 20% lower
photocatalytic activity, compared to P25, on a total mass basis. Kang et al. had reported synthesis
of Fe3O4@SiO2@TiO2 and varied the thickness of the TiO2 coating by changing the amount of
titania alkoxide precursor used. They studied degradation of ibuprofen in water. The magnetic
photocatalyst showed a 1.6 times lower rate constant compared to P25 on a total mass basis53.
In all these studies, the photocatalytic activity of the Fe3O4@SiO2@TiO2 catalyst was
compared to P25 on a total mass basis. But, in a magnetic photocatalyst, about 30-40% of the mass
is comprised of the iron core which is photocatalytically active. However, if the photocatalytic
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activity was compared with the P25 per TiO2 mass basis, these would have similar photocatalytic
activity to P25. For example, Ye et al. reported synthesis of the Fe3O4@SiO2@TiO2 catalyst with
equal photocatalytic activity compared to the P25 per mass basis of TiO2. The high photocatalytic
activity was attributed to a small crystallite size of anatase54.
There are few studies which showed comparable or better catalytic activity than P25 on
total mass basis. For example, Joo et al. have reported synthesis of a mesoporous TiO2 layer on
Fe3O4@SiO2 core particles which showed 25% higher activity compared to P25 on total mass
basis55. The higher photocatalytic activity of the Fe3O4@SiO2@meso TiO2 catalyst was attributed
to the high surface area of 157.2 m2/g which is 3 times higher than P25. They also reused the
catalyst 10 times to show the stability of the catalyst. Yuan et al. also have developed mesoporous
TiO2 coated Fe3O4@SiO2 particles with a surface area of 211 m2/g. These catalysts showed equal
photocatalytic activity to P25 on total mass basis. The catalyst was also recycled for 10 cycles with
loss of photocatalytic activity. Now, generally the mesoporous structure gives rise to a very thin
wall which collapses easily. Even though these authors show the mesoporous structure catalyst
with high recyclability, no explanation was given to how the synthesis method gives rise to stable
mesoporous structures.
Another route for enhancing photocatalytic activity of TiO2 has been incorporating noble
metals, such as Au, Ag and Pt. For example, Chi et al. deposited Ag metal on Fe3O4@SiO2@TiO2
by chemical precipitation of Ag(NH3)2NO3 (Figure 1.12). The catalysts were studied for
degradation of Rhodamine B from water under UV light. Before Ag deposition, the catalyst
showed 2 times lower photocatalytic activity compared to P25 per total mass basis. However, after
Ag deposition, the catalyst showed 1.3 times higher photocatalytic activity compared to P25 per
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total mass basis56. Li et al. decorated the Fe3O4@SiO2@TiO2 catalyst with Pt which showed higher
photocatalytic activity per TiO2 mass basis.

Figure 1.12: Ag decorated Fe3O4@SiO2@TiO2 particles (adapted from reference 56)
The enhanced photocatalytic activity of TiO2 by noble metal deposition is generally
explained by formation of a Schottky barrier. TiO2 is a n-type semiconductor material. When it
contacts a noble metal, such as Au, Ag and Pt, there is a formation of the Schottky barrier at the
interface. This enables the electron to move from the conduction band of the TiO2 to metal. This
phenomenon enhances the electron-hole separation and results in higher photocatalytic activity57.
The alternative approach could be immobilizing P25, which showed better activity
compared to the pure anatase phase, on magnetic particles. There are very few publications
involving direct P25 deposition on magnetic particles. Salazar et al.58 mixed P25 into a sol-gel
TiO2 matrix, followed by addition of Fe3O4@SiO2. The catalyst showed lower photocatalytic
activity compared to P25 on a total mass basis. The possible reason for low photocatalytic activity
could be the encasement of the P25 into the sol-gel TiO2. Kalan et al. 45 in our group, reported an
approach to prepare P25 coated magnetic particles which showed similar photocatalytic activity
as P25 per TiO2 mass basis (Figure 1.13). In this case, the P25 was sintered to a SiO2 coated
magnetic particle but the robustness of the particles was low. With every catalytic cycle, there was
18

loss of TiO2. The work in Chapter 2 focuses on increasing the robustness of the catalysts developed
by Kalan et al. In particular, a topcoat of either a sol-gel SiO2 or a sol-gel TiO2 was applied to the
catalyst.

Figure 1. 13: P25 coated magnetic particles (reproduced from reference 11)
1.2

Background on surface modification of CNF in supercritical CO2

1.2.1 Cellulose nanofiber structure
Cellulose nanofibers (CNFs) which are also known as nano fibrillated celluloses (NFC),
are high aspect ratio fibers with diameters of 5 to 100 nm and lengths up to a few microns. They
are composed of cellulose, which is a linear chain polymer consisting of repeating glucose units
connected through C-O-C bonds between the C1 of one glucose unit and the C4 of a second
glucose unit known as 1,4 glucosidic linkage (see Figure 1.14a)

59

. Each glucose is called an

anhydro glucose unit (AGU). Each AGU has three hydroxyl groups and formation of hydrogen
bonding between the hydroxyl group of two adjacent AGU units on the same polymer chain is
called intra chain hydrogen bonding. Hydrogen bonding also occurs between two adjacent
polymer chains which is called interchain hydrogen bonding. The interchain hydrogen bonding of
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polymer chains gives rise to a sheet-like structure. As a result, CNF contains both amorphous and
crystalline regions along the fiber length. The crystalline region has polymer chains tightly stacked
parallel to each other that are held together by strong hydrogen bonds, whereas, the amorphous
region consist of a more irregular packed structure of polymer chains (Figure 1.14 b)60. The
crystalline part and the extensive hydrogen bonding network gives the CNF its high mechanical
property. The crystalline part of the CNF is reported to have tensile strength greater than Kevlar60.
This high tensile strength property makes it a candidate to use in reinforcement of thermoplastics.

(a)

(b)

Figure 1. 14: (a) Cellulose structure showing inter and intra hydrogen bonding between
polymer chains (adapted from reference 59), and (b) amorphous and crystalline region
of cellulose (adapted from reference 60)

1.2.2 CNF production
The most common source for CNF is wood. The first step in the production of CNF
involves removal of lignin and hemicellulose from the wood using enzymatic61–63 or chemical
pretreatment 64,65. The second step involves dispersing the wood in water and applying mechanical
treatments, such as high shear mechanical homogenization66,67, refinement68, and high intensity
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ultrasound treatment69 to produce CNF. The high shear force cuts the fibers longitudinally to
produce micro fibrillated cellulose (MFC) (see Figure 1.16) 70. The MFC is passed through the
mechanical treatment steps multiple times to obtain the desired fiber diameter and length.
However, the mechanical treatment also reduces the crystalline part of cellulose68 which reduces
the mechanical properties of the CNF. As the diameter decreases to the nano scale, more OH
groups become available to hydrogen bond with other CNF. The CNF suspension behaves like a
gel due to the entanglements of the fibers requiring dilution to about 3wt% in water to lower
viscosity so the material can be mechanically fibrillated.
1.2.3 Drying of CNF

Figure 1.15: Cellulose and its derivatization to CNF (adapted from reference 70)

To use the CNF in many applications, including our intended use for reinforcing bioplastics
in 3D printing, the 3wt% suspensions must be dried. This is an energy intensive step, given the
capillary forces retaining the water in the gel-like structure. Common drying methods that are
used to dry CNF include oven drying, freeze drying, spray drying, and critical point drying. The
different drying methods result in different morphologies of the CNF. Oven drying results in more
compact film structures due to the aggregation of the fibers while drying71. Freeze drying and
critical point drying are mostly used to produce porous and high surface area structures. In freeze
drying, the solvent is frozen and then is removed by sublimation under vacuum at low
temperature72. The freeze-drying results in less aggregated structure due to reduced capillary
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forces during the drying process. The other method which is widely used to produce porous
structure is critical point drying. Spray drying is also a widely used drying method. The spray
drying results in a micron size particle shaped structure.
1.2.3.1 Supercritical CO2 drying of CNF
Our work is based on the use of supercritical CO2 (scCO2) to dry CNF and as a solvent for
surface modification of CNF. ScCO2 is a green solvent and widely used in organic compound
extraction, such as the decaffeination of coffee. One of the most common reasons to use scCO2 is
that the supercritical conditions (31.04oC and 7.39 MPa) can be achieved under relatively mild
conditions compared to other supercritical fluids. The phase diagram for CO2 is shown in Figure
1.16 (adapted from ref

73

). By changing temperature and pressure, the density, and hence, the

properties of this solvent can be controlled. Under supercritical conditions, the CO2 has both gas
and liquid- like properties. For example, it exhibits higher diffusivity of a liquid, but less than a
gas, and has densities of a liquid and therefore, can dissolve certain compounds. This solvent also

Figure 1. 16: Phase diagram of CO2 (adapted from reference 73)
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does not have any surface tension which makes scCO2 a good solvent for drying CNF. The solvent
is easily separated from the CNF by simply venting the CO2 and the absence of surface tension,
which means that there are no capillary forces upon solvent removal. Thus, the CNF retains its
morphology after drying.
In general, the steps involved in the scCO2 drying of CNF are (i) solvent exchange of CNF
suspension from water ethanol, (ii) solvent exchange from ethanol to liquid CO2 in multiple
soaking-ventilation steps, and (iii) solvent removal in scCO2 by raising the temperature and
pressure above supercritical point of CO2. In the first step, the solvent is exchanged from water to
ethanol because the solubility of water in liquid CO2 is very low. When the CO2 is released in the
final step, its done under supercritical condition so that the release of CO2 does not collapse the
architecture of the CNF74.
1.2.4 IR spectroscopic studies of CNF
In our work, we have used IR spectroscopy as the primary tool to investigate the
dehydration behavior, the accessibility of OH groups and the esterification modification of CNF
conducted in scCO2. IR spectroscopy has also been used to understand the nature of the hydrogen
bonding and accessibility of molecules into the CNF from the gas phase. For example, Lee et al. 75
used a combination of IR spectroscopy, sum frequency generation (SFG) vibrational spectroscopy,
DFT calculations and Molecular Dynamics (MD) simulations to determine the hydrogen bonding
structure of CNF. In this work, they studied the crystalline structure of cellulose, specifically,
cellulose Iβ polymorph. From their theoretical study, they determined two possible hydrogen
bonded networks in this polymorph (shown in Figure 1.17), Network A and Network B.
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(b)

(a)

Figure 1.17: Two possible hydrogen bonding in (a) Network A and (b) Network B (adapted from
reference 75)
They found that the intra chain bonding between O3-H---O5 is common to both Networks
A and B. The difference between the two networks is in hydrogen bonding, involving O2-H and
O6-H. Based on their MD simulation data and quantum mechanical calculations, they concluded
that Network A was the more favorable structure. Lee et al. recorded IR and SFG spectra using
IR light polarized parallel and perpendicular to the direction of the cellulose fibers. From the
spectra, they were able to assign the various OH vibrational stretching modes. There are three
primary peaks in the IR spectrum at ~3270, ~3370 and ~3410 cm-1 due to the OH groups. It was
determined that each IR peak has contributions from all OH groups because of the coupled
hydrogen bonding. However, the contribution to a specific peak from each OH group varied. For
example, the band at ~ 3400-3410 cm-1, 60% of the intensity comes from the O6-H---O3, the band
at 3370-3380 cm-1 has a 60% contribution from the O3-H---O5 (intrachain) and the band at 3270
has a 60% contribution from the O2-H---O6 (intrachain). These assignments agreed with the DFT
calculated IR frequencies for Network A.

24

Lindh et al. 76 used IR spectroscopy to study the surface accessibility of CNF to D2O vapor
at 30oC. They used a home-built chamber equipped with IR transparent windows and an inlet and
outlet to purge with N2 to avoid any outside moisture from getting inside the chamber. In this
study, they calculated the rate of exchange of D2O with the OH groups of CNFs and reported the
kinetics of D2O exchange using a double-exponential fit. This indicated that there are two different
exchanging sites. One site is a more readily available and in this region the exchange happens
almost instantaneously. The second site involved slower exchangeable OH groups and these were
attributed to areas between neighboring fibril aggregates or inside the fibril aggregates. These
examples show that IR spectroscopy is a powerful analytical tool for understanding the molecular
aspect of CNF’s structure and we have applied this tool in our studies of CNF in scCO2.
1.2.5 IR spectroscopic studies of polymers in scCO2
IR spectroscopy has been used to study molecular processes, such as polymer swelling and
polymer plasticization in scCO2. This requires IR cells which can operate at high pressures and

Figure 1.18: Schematic of high-pressure IR cell (a) before and (b) after CO2 exposure (ref 77)
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can be heated to above the critical temperature of CO2. Flichy et al 77 studied the swelling of poly
(dimethylsiloxane) (PDMS) under high pressure scCO2 using in situ ATR IR. The set up used in
their study is shown in Figure 1.19. A high-pressure cell was mounted on top of an ATR crystal
(diamond or Ge). The polymer sample was placed inside the high-pressure cell on top of the ATR
crystal. Spectra were recorded in the presence and absence of scCO2, at 50oC and as a function of
CO2 pressure. The swelling was calculated based on the band intensities of 2335 and 1259 cm-1.
The 2335 cm-1 band represents the CO2 adsorbed in PDMS and the band at 1259 cm-1 represents
the CH3 bending of PDMS. They observed an increase in swelling with the increase of pressure.
Champeau et al.78 studied the sorption and swelling property of polymer fibers in scCO2.
They also used an in situ IR cell for following the swelling property of polymer fibers under scCO2
pressure from 2 MPa to 15MPa at 40oC. The polymer fibers under study were polyethylene oxide
(PEO), poly lactic acid (PLA), poly propylene (PP) and polyethylene terephthalate (PET). The
swelling was monitored using change in band intensity of the combination modes of C-H band of
the polymer in the spectral region of 4000-4500 cm-1. They reported that the swelling of polymer
in scCO2 depended on two factors, one was the specific interaction of the polymer with the scCO2
to thermodynamically accommodate CO2 molecules in the polymer and the other was the chain
mobility of the amorphous part of polymer. PLA and PEO showed maximum swelling because
both polymers fulfilled these conditions. Eduardo et al. 79 monitored a reaction with a polymer in
scCO2 using in situ IR spectroscopy. They studied the reaction of hexamethyldisilazane with a
porous p-methylsilsesquioxane film in scCO2 and identified the reaction byproducts from the
appearance of IR absorption peaks. Based on these examples, it was shown that the scCO2
penetrates into the polymer fibers. The swelling due to penetration of CO2 depends on the
interaction of polymer with the scCO2.
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1.2.6 Surface modification of CNF
CNF has found applications in composites80,81, biomedicals82, absorbents for oil and water
pollutant removal83, sensors84, packaging85, drug delivery

86

to name a few. CNF reinforced

composite material is gaining interest in additive manufacturing which includes 3D printing.
Polymers, ceramics, metals, and waxes can be 3D printed. The commonly used polymers in 3D
printing are poly lactic acid (PLA), polypropylene, nylon, acrylonitrile butadiene styrene (ABS),
etc87. Some of these compounds have been found to produce toxic volatile gas. This motivated
towards moving to greener solutions, such as incorporating CNF into these polymers, which could
lead to biocompatible materials. Additionally, the high mechanical property of CNF can improve
the tensile strength of polymers with low tensile strength. The CNF is a hydrophilic material
whereas, many polymer matrices are hydrophobic. Therefore, to increase the compatibility of
CNF and the polymer matrices, the surface of CNF was rendered hydrophobic87,88. The abundant
amount of OH groups on the surface provides a route to obtain CNF with different types of surface
functionalization.
The CNF has been functionalized by either adsorption of molecules, such as
polyelectrolytes and surfactants, or by covalent bonds to the surface through reaction with the OH
groups of CNF89,90. The adsorption of polyelectrolytes or surfactants depends on the surface
charge of the CNF. CNF is negatively charged in water suspension at neutral pH. Thus, adsorption
of a cationic polyelectrolyte, such as poly diallyl dimethyl ammonium chloride (PDADMAC), and
polyethyleneimine (PEI) have been reported60. The surface charge of CNF has also been used for
layer-by-layer deposition of oppositely charged polyelectrolytes.

In this case, the cationic

polyelectrolyte is first deposited onto the CNF, followed by deposition of anionic polyelectrolyte,
such as poly styrene sulfonate (PSS) or sodium poly acrylate. Lars et al.91 studied the adsorption
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of PDADMAC on carboxymethylated cellulose micro fibrils. The carboxymethyl cellulose has
carboxyl groups as the reactive groups. The carboxyl groups lead to a higher negative charge
compared to untreated cellulose fibers. They deposited cellulose and polyelectrolyte layers
alternatively on a silicon wafer. The thickness of the cellulose layer was 10 nm, whereas the PEI
layer was 3 nm. Martins et al. 92 developed a paper with antibacterial properties by depositing Ag
nanoparticle on CNF. However, to reduce the aggregation of the nanoparticles and improve the
adhesion of the nanoparticles, oppositely charged polyelectrolytes were deposited on CNF before
introducing the Ag nanoparticles. PDADMAC, PAH (Poly allylamine hydrochloride), and PEI as
cationic and PSS as anionic polyelectrolytes were used. Syverud et al. 93 deposited CTAB onto a
TEMPO oxidized CNF. They showed that CNF films were hydrophobic after deposition of
CTAB, and the hydrophobicity remained after washing with water.
CNF has been modified by directly grafting small groups, such as acetyl, butyl or long
polymer chains through reaction with the OH groups.

The most used method is through

esterification reaction of cellulose OH groups with anhydrides, acid or acyl chloride. The level of
modification is reported as the degree of substitution (DS)94. DS is the average number of
substituents per anhydro glucose unit of cellulose. The value of DS can vary from 0 to 3; 0 is no
reaction with the cellulose whereas, a DS value of 3 is for all 3 OH groups being substituted. DS
values can be calculated by titration with bases or by IR95 and NMR spectroscopy96. The most
common method is the titration-based method. In this method, the esterified cellulose is reacted
with a base, such as NaOH. The NaOH hydrolyses the ester bond and the excess NaOH present
is back titrated with HCl. Based on the consumed amount of NaOH, the moles of acyl groups are
determined, leading to a calculated value for the DS97,98.
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The esterification reaction can be done in both homogenous and heterogeneous phases. In
the homogeneous phase, the CNF is dissolved in a solvent and then the cellulose reacted with the
esterifying agents in the same solvent. This way, almost all the OH groups can be modified. The
common solvent for homogenous esterification are ionic liquids99. Jin et al. 100 reported acetylation
of cellulose in 1-allyl-3-methylimidazolium chloride using acetic anhydride as the acetylating
agent. The reaction was done by diluting a 10wt% cellulose to 4% or 2.9% using the solvent. The
reaction was done at 80 and 100oC. They reported a maximum DS value of 2.7 after 23 hours of
reaction at 80oC. Huang et al. 101 modified microcrystalline cellulose with long chain fatty acid at
90oC for 1 h in 1-butyl-3methylimidazolium chloride as a solvent. They started with vacuum dried
cellulose and diluted with the solvent to make a 10 wt% suspension which was reacted with stearyl
chloride. The DS value they reported was 2.57.
Heterogenous esterification is generally done by solvent exchange of the CNF from water
to an organic solvent or with dried CNF. Naharullah et al. 102 modified microcrystalline CNF using
acetic, propionic and butyric anhydride. The 1.57 wt% CNF suspension was mixed with N, Ndimethylformamide (DMF) and homogenized, followed by evaporation of water from the
suspension using a rotary evaporator. The reaction was done at 110oC for 1-4 hours. The highest
DS value was attained after 4 hours of reaction time. The acetic anhydride modified sample had
the highest DS value of 0.88 and butyric anhydride the lowest (0.74). Freire et al.
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modified

cellulose fibers using fatty acyl chloride (C6, C12, C18 and C22) as the esterifying agent and
toluene or DMF as the solvents. The reaction temperature was 115oC and the reaction times were
varied from 30 min to 6h. A reaction time of 6h resulted in the highest DS. The DS was higher
when DMF was used as a solvent compared to toluene. However, the high level of modification
in DMF also resulted in decrease of crystallinity of cellulose, which was due to the swelling
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capacity of DMF as a solvent. This swelling of the CNF resulted in higher levels of modification
but lowered the crystallinity.
Other notable surface modifying treatment includes silanization and the grafting polymers.
The siloxane can be hydrolyzed and condensed to form a network of Si-O-Si with Si-OH group
on the surface. These Si-OH groups can hydrogen bond or undergo a condensation reaction with
the OH groups of cellulose104. CNF has also been modified using polymer grafting. The polymer
grafting can be done by different polymerization techniques, such as ring opening polymerization
and free radical polymerization105.
1.3

Organization of the thesis
In this thesis, Chapter 2 describes our work in generating robust P25 coatings on magnetic

particles. Chapters 3 and 4 focus on the dehydration and hydration behavior of CNF in scCO 2
studied using in situ FTIR spectroscopy. In Chapter 5, we esterified spray dried CNF using scCO2
as the solvent and studied the properties of the CNF after modification. The esterification reaction
in scCO2 was further used for the modification of CNF/CaCO3 films and these are reported in
Chapter 6. The work described in Chapter 6 was in collaboration with Pradnya Rao, a graduate
student in the Tripp group. I have developed the approach for esterification of CNF and performed
these reactions on the films. I also characterized the films using IR spectroscopy and XRD.
Pradnya and I jointly analyzed the data and prepared a draft of Chapter 6. Pradnya prepared the
films and tested their tensile properties in dry and wet conditions. Both Pradnya and I have given
each other permission to include Chapter 6 in our theses.
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2

CHAPTER 2: A METHOD TO PRODUCE ROBUST MAGNETIC PARTICLES
COATED WITH TiO2 NANO PARTICULATES

2.1

Introduction
Semiconductor photocatalysts are considered as next generation materials for the chemical

decontamination of drinking water and wastewater supplies. The photocatalysts produce hydroxyl
and reactive oxygen species which leads to destruction of organic contaminants present in the
water. A number of review articles have been published on the semiconductor photocatalysis 16,106–
108

. Among different semiconductor materials, TiO2 has been the focus of research because of its

availability, thermal and chemical stability, ease of fabrication, and low toxicity

18,109,110

. In this

regard, commercially available P25, which is a mixture of anatase and rutile, is considered as the
gold standard photocatalyst 111–114. While the literature describing the development of TiO2-based
photocatalysts is vast, this has not translated to usage in the field. One technical barrier to TiO2
particles’ widespread usage results from the difficulty in recollecting it from the water suspensions
109

. One approach to overcome this issue involves the immobilization of TiO2 on magnetic particles

56,58,115

. Most of the work has focused on the formation of a TiO2 layer on the magnetic particles

using the sol-gel method 116–120. However, these sol-gel TiO2 films are anatase and generally show
a lower photocatalytic activity compared to P25 43,56,121,122. Recently, we developed a method to
anchor P25 particles on magnetic particles and the resulting photocatalyst showed a photocatalytic
activity equal to P25 on a per TiO2 mass basis 45. This photocatalyst consists of a magnetite core
that is sequentially coated with a SiO2 sol-gel layer followed by a TiO2 sol-gel layer and then P25
particles. The SiO2 layer prevents the migration of photogenerated electrons from the conduction
band of P25 to magnetite. The sol-gel TiO2 layer acts as a glue to hold the P25 on the surface of
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the core particles 45. However, the robustness of these P25-coated magnetic particles (R) remains
an issue as we have found that with repeated use and under vigorous stirring, there is a loss of P25
from the underlying magnetic particles.
The overarching aim of our research efforts is on the technical issues that appear routine,
but are rather, critical hurdles that impede the implementation of TiO2-based photocatalytic
technology in the field. In this study we have developed a method to improve the robustness of
P25-coated magnetic particles (R) while maintaining their photocatalytic activity. The approach
involves applying a topcoat of either a SiO2 or TiO2 sol-gel layer to the previously reported P25coated magnetic particles. The sol-gel SiO2 coating is first studied because of previous studies
showing that incorporation of sol-gel SiO2 in TiO2 matrix increases the robustness of the
immobilized TiO2 film 123–125. On the other hand, we postulated that the sol-gel TiO2 coating can
hold the P25 on the surface of the magnetic particles in the same way as anchoring the P25. The
synthesis of top TiO2 coating on R particles is accomplished by using acetic acid (AcOH) assisted
sol-gel synthesis. This process involves multiple reaction path, given below 126–128:
iPrOH + AcOH → iPrOAc + H2 O

(2.1)

Ti − OiPr + AcOH → Ti − OAc + iPrOH

(2.2)

Ti − OAc + iPrOH → iPrOAc + TiOH

(2.3)

Ti − OiPr + Ti − OAc → iPrOAc + Ti − O − Ti

(2.4)

The Ti-O-Ti inorganic framework can be formed from the combination of the reaction (2.1) to
(2.4). Also, the slow release of water from the reaction (2.1) can hydrolyze the Ti-OiPr and produce
TiOH which undergoes polymerization to form Ti-O-Ti network. The presence of nonionic
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surfactant e.g. Tween 80 introduces pores in the inorganic TiO2 structure 129,130. Photodegradation
rates of two commonly found taste and odor compounds, 2-methylisoborneol (2-MIB) and
geosmin (GSM) were measured to show the application of this photocatalyst to drinking water
treatment.
2.2

Experimental

2.2.1 Chemicals
The P25 particles were obtained from Evonik (formerly Degussa). Ammonium hydroxide
(NH4OH, 29.36%) and 2-propanol (iPrOH, 99.99%) were obtained from Fisher Scientific and were
used as received. The magnetite particles (magnetite, Fe3O4 Iron (II, III) oxide, 50-100 nm particle
size (TEM), 97% trace metal basis), anhydrous EtOH (EtOH, 200 Proof), tetraethyl orthosilicate
(TEOS, 99.99%), titanium (IV) isopropoxide (Ti-OiPr, 99.99%), 2-methyl isoborneol (2-MIB),
geosmin (GSM), glacial acetic acid (AcOH), Tween 80 and polyvinylpyrrolidone (PVP) were
obtained from Sigma Aldrich. Nitrocellulose (0.2 µm pore size) and PVDF Durapore (0.22 µm
pore size, 25 mm diameter, low protein binding) filters were purchased from Millipore. Deionized
water was obtained from a Gradient A10 Millipore water system (18.2 MΩ cm). The solution pH
was adjusted using either dilute solutions of hydrochloric acid or sodium hydroxide.
2.2.2 Synthesis of Photocatalysts
The synthesized catalysts are listed in Table 2.1. The steps to prepare magnetic RS and RT
particles are shown in scheme 2.1. The synthesis of the underlying R particle is reported
elsewhere 45.
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Table 2.1: List of catalysts
Catalyst

Chemical Composition

Core particle, R (mg) Core Particle, R (mg) to
to

initial

TEOS initial TTIP (moles) ratio

(moles) ratio
MS

Fe3O4/sol-gel SiO2

-----

-----

R

Fe3O4/sol-gel

SiO2/sol-gel -----

-----

TiO2/P25
RS-I

R/sol-gel SiO2

1:0.0015

-----

RS-II

R/sol-gel SiO2

1:0.0045

-----

RS-III

R/sol-gel SiO2

1:0.0103

-----

RT-I

R/Tween-80 assisted sol-gel -----

1:0.0005

TiO2
RT-II

R/Tween-80 assisted sol-gel -----

1:0.001

TiO2
MST-I

MS/ Tween-80 assisted sol- -----

1:0.0005

gel TiO2
MST-II

MS/ Tween-80 assisted sol- ----gel TiO2
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1:0.001

Scheme 2.1: Synthesis of catalysts
Briefly, the magnetic particles are first coated with sol-gel SiO2 using TEOS as SiO2 precursor and
denoted as MS particles. The MS particles are then coated with a sol-gel TiO2 layer using TTIP as
TiO2 precursor followed by calcination at 5000C. The calcined particles were mechanically mixed
with P25 paste followed by calcination at 5000 C. The calcination step sintered the P25 on top of
MST particles. The mass ratio of MST and P25 was 1:2.
2.2.2.1 Preparation of RS Particles
The recipe for the SiO2 top coating is reported elsewhere 131 and this recipe was applied to
the R particles. In brief, 100 mg of R particles were dispersed into 100 mL of deionized water.
Then, 32 mg of PVP dissolved in 400 mL of EtOH was added to the dispersion, followed by the
addition of 12.25 mL of NH4OH. A solution containing different volumes of TEOS in 5 mL of
EtOH was added dropwise (about 15 min total) to the dispersion under vigorous stirring. The
TEOS volumes of 0.343, 1.000 and 2.000 mL produced RS-I, RS-II and RS-III particles,
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respectively, to vary the SiO2 loading. Each dispersion was stirred for an additional 24 h at
500 rpm. The particles were then removed from the dispersion by placing an external magnet at
the side of the beaker and were rinsed by dispersing in 100 mL of deionized water, stirring for
5 min followed by decantation of the solution phase. This rinsing process was repeated four times,
and the particles were then dried at 70C for 3 h. We explored lower SiO2 loadings than used in
RS-I; however, the suspensions became turbid due to the loss of P25 from the coated particles, and
no further characterization of these particles were performed.
2.2.2.2 Preparation of RT Particles
To prepare the RT particles, 50 mg of R particles were dispersed in 22 mL of 2-propanol
and sonicated for 30 sec. For the preparation of RT-I particles (Table 2.1), a sol mixture
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consisting of 150 mL of iPrOH, 8.7 mL of AcOH, 7.7 ml of Ti-OiPr and 32 mL of Tween 80 were
added to the dispersed R particles and stirred for 24 h. For RT-II particles (Table 1), 2 the
volumes of AcOH, Ti-OiPr and Tween 80 were added to 50 mg of R particles dispersed in iPrOH
and stirred for 24 h. The particles were then collected using an external magnet. After rinsing
with deionized water three times, the particles were dried at 70C for 3 h and heated at a rate of
5C min-1 to 500C, held at this temperature for 5 h and cooled down to room temperature at a rate
of 5 C min-1. Several control experiments were performed using the particles which do not have
any P25. The magnetite particles coated with sol-gel SiO2 (MS particles; Table 2.1), were coated
with sol-gel TiO2 to produce MST particles (Table 2.1) by following the same procedure as the
top sol-gel TiO2 coating on R particles.
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2.2.3 Particle Characterization
The X-Ray powder diffraction patterns were recorded on a PANanalytical X’pert MRD
X-Ray diffraction system using Cu-Kα radiation and a scanning rate of 0.3 sec-1. The particles
were first spread onto the middle of a glass slide followed by the addition of a few drops of water.
The addition of water leads to a film of particles that adhered to the glass slides. The glass slides
were air dried and mounted on the sample holder. X’pert HighScore Plus Software was used to
analyze the spectra.
X-Ray Photoelectron spectra (XPS) were obtained using a Al(K) VG Microtech X-Ray
source equipped with a SPECS HSA2000 analyzer. The powder sample was spread over carbon
tape and placed inside the XPS chamber and left to evacuate overnight before recording an XPS
spectrum. The spectra were processed using Casa XPS software.
Infrared spectra of the particles were recorded using an ABB FTLA 2000 spectrometer.
The particles were pressed as a KBr disc and spectra were recorded in the transmission mode.
Raman spectra on the dried particles were recorded using a Renishaw Ramspec 1000 system
equipped with a 785 nm laser.
The photoluminescence lifetime measurements were performed using a pulsed 350 nm
LED source with the emission measured at 500 nm using Jobin Yvon Ramanor system. The
lifetime was recorded using a LeCroy oscilloscope, from 50 ns to 2 µs per sweep, averaging 15000
sweeps per sample. The data was collected at 78K using Janis ST-100 optical cryostat. The BET
specific surface area of the samples was measured by physical adsorption of N2 using a
Micromeritics ASAP 2020. The samples were degassed at 350 C for 6 hr and the surface area was
calculated in the partial pressure range (P/P0) of 0.02 to 0.30. The Morphology of the catalyst was
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studied by Transmission Electron Microscopy (TEM) using Philips CM 10, 100KV, camera
controller, CCD.
2.2.4 Photocatalytic Degradation Experiments
The photocatalytic activities of RS and RT particles were measured by the
photodegradation of 2-MIB and GSM. Each experiment was repeated three times. A 40 mg
sample of RS or RT was added to a 250 mL quartz beaker containing 200 mL of a 500 µg L-1 2MIB or GSM solution. The beaker was placed inside the photochemical chamber (Rayonet Model
RPR-100) equipped with four RPR-2537 Å lamps, each emitting light in the UV-C range (~254
nm). The solution was stirred by an overhead stirrer equipped with a glass rod propeller at 800
rpm for 30 min in the dark. A 10 mL sample was withdrawn from the suspension for measurement
of the dark adsorption of 2-MIB and GSM. The lamps were then turned on and 10 mL aliquots of
sample were withdrawn from the suspension at specific times for analysis.
Following collection, each 10 mL aliquot was passed through a Millipore PVDF Durapore
filter. The filtered solution was then transferred to a 20 mL screw thread headspace vial with
PTFE-lined silicone septa containing 3 g of NaCl. Each vial was maintained at 65-70 C for 20
min under constant stirring. A Stabeflex 50/30 µm coated fiber was then inserted into the septum
0.5 cm above the solution surface for 20 min
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. The amount of 2-MIB and GSM in the filtered

aqueous solution was determined by headspace solid phase micro extraction (SPME)/gas
chromatography-mass spectrometry (GC-MS) by inserting the fiber containing the analyte into the
GC sample port. The GC-MS was an Agilent 6890 series GC equipped with a HP -5 MS capillary
column (30 m×0.25 mm×0.25 mm) and interfaced with an Agilent 973 mass selective detector.
The temperature was raised from 50 to 250 C over an 18 min period. The detection was
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performed using the selected ion monitoring mode at m/z values of 95 and 112 for 2-MIB and
GSM, respectively.
At the end of each photocatalytic experiment, the stirring was stopped, the particles were
allowed to settle for 10 min following which they were collected to the side of the beaker using an
external magnet. A 15 mL aliquot of the solution was extracted by pipette and the turbidity (NTU)
of the solution was measured using a HACH 2100Q portable turbidity meter.
2.2.5 Reusability experiments
For the reusability experiments, 20 mg of particles were suspended in 100 mL solution of
500 µg L-1 2-MIB. The suspension was stirred for 30 min in the dark before starting the UV
irradiation. A 10 mL sample was collected after 30 min of irradiation and filtered, and the 2-MIB
concentration was determined by GC/MS. The particles in the suspension were allowed to settle
for 10 min, following which a 15 mL sample was collected for turbidity measurement. This
procedure was repeated for each cycle. The particles were rinsed with DI water and resuspended
in 100 mL of a freshly prepared 500 µg L-1 2-MIB solution for the next cycle. The particles
collected on the filter paper were added back to the beaker in order to keep the mass of
photocatalyst constant for each cycle. The recycling procedure was repeated 10 times.
The catalysts were evaluated by XRD and XPS before use and after 10 cycles of
photocatalytic experiment. The concentration of TiO2 leaching into the solution was analyzed
using Inductive Coupled Plasma Optical Emission Spectrometry (ICP OES).
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2.3

Results and Discussion

2.3.1 FTIR Spectra
The IR spectra of SiO2 sol-gel coated magnetic particles MS, R, RS-I and RS-III are shown
in Figure. 2.1. The MS particles consist of a magnetic core with SiO2 sol-gel coating. For the MS
particles (SiO2-coated magnetic particles), bands at 557 cm-1, 638 cm-1, and 695 cm-1 are due to
the bulk Fe-O modes 134, and bands at 1088 cm-1 (with a shoulder at 1234 cm-1) and 800 cm-1 are
due to the bulk Si-O modes 49. The band at 1620 cm-1 is the bending mode of adsorbed water on
the particles. Comparing the IR spectrum of the R particles (TiO2-coated MS particles) to that of
the MS particles (Figure. 2.1), an additional broad band centered at 600 cm-1 is observed that is
due to Ti-O bulk modes of the TiO2 sol-gel and P25 coatings.

Figure 2. 1: IR spectra of FS, R, RS I, RS-II, and RS III. Spectra are offset for clarity.
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In the IR spectra of the RS particles, the intensity of the SiO2 band at 1088 cm-1 relative to
the Fe-O band at 638 cm-1 increases with the amount of SiO2 sol-gel used in the starting recipe,
suggesting an increase in the amount of SiO2 in the topcoat as the amount of SiO2 precursor used
in the starting recipe is increased. The peak ratio of the Si-O mode absorbance at 1088 cm-1 due
to the SiO2 to the Fe-O mode at 638 cm-1 is 3.8 for R particles, and increases to 6.5, 11.9, and 13.5
for RS-I, RS-II and for RS-III particles, respectively.

Figure 2. 2:IR spectrum of R, RT-I, and RT-II particle
The IR spectra of R, RT-I and RT-II particles are shown in Figure 2.2. There are minor
differences among the three spectra suggesting that the amount of TiO2 in the sol-gel topcoat is
negligible compared to the amount of P25. Furthermore, the spectra show that there is no loss of
SiO2 or P25 during the reaction procedure used to deposit the sol-gel TiO2 topcoat layer.
2.3.2 X-Ray Diffraction
Figure 2.3 shows the XRD patterns of the R, RS-I, RS-II, RT-I and RT-II particles. For
the R particles, peaks at 25.3 and 35.6 correspond to anatase (101) and magnetite (311),
respectively. It has been shown that the peak height ratio at 25.3 and 35.6 represent the P25 to
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Figure 2. 3: XRD pattern of R, RS I, RS-II, RT-I and RT-II particles
magnetite mass ratio
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. In the case of R particles, the peak height ratio of anatase (101) to

magnetite (311) is 2:1 (Figure. 3), corresponding to the mass ratio of P25 to magnetite used in the
synthesis of these particles. Moreover, coating R particles with SiO2 did not lead to a change in
the peak height ratio of anatase to magnetite. This suggests that there was no loss of P25 during
the synthesis of RS particles, in agreement with the IR data. In case of the RT particles, the peak
height ratio of anatase (101) to magnetite (311) increased from 2.1±0.1 in R to 2.3±0.1 in RT-II
(Figure. 3) suggesting that the contribution of anatase from the topcoat layer of TiO2 sol-gel is
negligible compared to the amount from the P25 layer, consistent with the interpretation derived
from the IR data.
2.3.3 XPS Analysis

Figure 2.4 shows the XPS spectrum for the RS-I particles. The XPS spectra of other
particles are provided in Figure 2.5. All spectra are referenced to the binding energy of C 1s peak
at 285 eV. All XPS spectra in Figures 2.4 and 2.5 have peaks due to O 1s, Ti 2p, Si 2s, and Si 2p
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at 532, 460, 155, and 104 eV, respectively. The O 1s peak in Figure 2.4a is composed of three
peaks centered at 529.8, 531.0, and 532.9 eV. The 529.8 and 532.9 eV peaks represent oxygen

Figure 2. 4: XPS spectra of (a) RS I particles, and its (b) Ti 2p and (c) Si 2p peaks
RT-I, and RT-II particles
associated with Ti and Si, respectively. The 531.0 eV peak that appears between the Ti-O and SiO peak is assigned to Si-O-Ti 135–138. Based on the relative intensity of the Ti 2p and Si 2p peaks
at 460 and 104eV, respectively, the percent atomic concentrations at the surface were calculated.
The R particles also show ~35% Si that may be due to the uneven coating of P25 on the underlying
coated magnetic particles. The atomic %Si varied from 91% to 97% for the RS-I and RS-III
particles. This increase in %Si in RS-I, RS-II and RS-III particles compared to the R particles is
due to the SiO2 overcoat that can be observed in their spectra as the Si 2p and 2s peak intensities
increase with increased amounts of SiO2. On the other hand, these peaks are scarcely observable
in R, RT-I and RT-II because of the P25 and sol-gel TiO2 top coating. The atomic %Ti varied from
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64% to 66% for the RT-I and RT-II particles. The change in %Ti on the surface is only ~1%
between the R and RT particles.
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Figure 2. 5: XPS of R, RS-II, RS-III, RT-I, and RT-II particles
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2.3.4 Turbidity
Our intent in coating the R particles with a SiO2 or TiO2 sol-gel topcoat was to improve
their robustness. After completion of the photocatalytic experiments with the R particles and
separation of the particles, the suspensions were cloudy with turbidity values of 40 NTU (Figure
2.6a) due to the loss of P25 particles. While sintering of P25 to the underlying TiO2 sol-gel layer
occurs in the R particles, this does not lead to a high enough robustness under the vigorous stirring
conditions used in our photocatalytic experiments. In contrast, the turbidity values of the solution
phase after each photocatalytic experiment with the RS-I, RS-II, and RS-III particles were 1.7, 0.7
and 0.5 NTU, respectively (Figure 2.6b). The low turbidity obtained for these particles indicates
the improved robustness achieved with respect to the stability of P25 associated with the magnetic
particles. Also, the catalyst with the lowest turbidity had the highest SiO2 surface coverage as
measured by the XPS. This is attributed to the surface coverage by SiO2 that acts to cement the
P25 particles to the surface. For that RT articles, the turbidity values were 2.8 and 1.4 NTU for

Figure 2. 8: The solution phase after the removal of (a) R, (b) RS-I, and (c) RT-II particles

45

RT-I and RT-II, respectively. These turbidity values were comparable with the values obtained for
the RS particles (Figure 2.6c).
2.3.5 Photocatalytic degradation of 2-MIB
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Figure 2. 11: Plot of the ln C/C0 vs time for the degradation of 2-MIB by various
photocatalysts.
Figure 2.7 is a time-concentration plot for the degradation of 2-MIB in the presence of
different catalysts. The initial concentration (C0) is the 2-MIB concentration in solution after
stirring for 30 min in the dark in the presence of the catalyst. The error bars are one standard
deviation from three replicate experiments. A statistically weighted linear regression is plotted
and was used to determine the error in the conditional rate constants. The rates follow pseudo-first
order kinetics is every case, in accordance with previous TiO2 photocatalytic studies
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12,139–141

.A

30 min irradiation time with UV light alone resulted in a 30% reduction in the concentration of 2MIB. This also includes ~10% loss of 2-MIB due to evaporation, as established in this study. The
presence of the RS-I, -II and -III photocatalysts resulted in the 2-MIB concentration reduction to
55%, 65% and 45%, respectively. The calculated conditional rate constants are 0.047±0.002,
0.028±0.002, 0.034±0.002 and 0.019±0.002 min-1 for the R, RS-I, RS-II and RS-III particles,
respectively. For comparison, the R particles resulted in an 82% reduction in 2-MIB.
The role of SiO2 in the mixed SiO2/TiO2 photocatalysts is much debated. Several studies
report enhanced photocatalytic activity of SiO2-coated TiO2 142–145, while others report a reduced
photocatalytic activity

125,146–150

. Fan et. al. attributed the enhancement of the photocatalytic

activity in the presence of a SiO2 coating to the higher adsorption of the target substance on the
photocatalyst surface, and a slower hole-electron recombination due to the presence of oxygen
defect sites in the TiO2 layer that trap holes 142. However, other studies point to the insulating and
inactive SiO2 surface coating leading to a reduction in the photocatalytic activity of TiO2 125,146,147.
In this study, we observe a reduction in the photocatalytic activity for all SiO2-coated particles
relative to the R particles.
We anticipate that the photodegradation rates would depend on the percent coverage of
SiO2 on the active TiO2 sites. The XPS spectra for all samples show peaks due to Ti, O and Si
(Figure 2.4 and 2.5). The R particles have 34.5% Si which is due to the SiO2 underlayer not
covered by P25 (Figure 2.5). The %Si increases to > 90% in the RS-I particles (section 2.3.3); this
increase is accompanied by a corresponding decrease in the %Ti. The increase in the %Si with
the SiO2 topcoat layer suggests that the sol-gel covers the P25. Furthermore, the surface Si/Ti
atomic ratio follows an upward trend with the TEOS/R particle mass ratio used in the preparation
of the R, RS-I and RS-II particles (Figure 2.8a). However, the photodegradation rates do not
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follow this trend (Figure 2.8b). The rate decreases by a factor of 1.7 between R and RS-I, whereas
the corresponding surface %Ti content decreases by a factor of 7.2. The one-way ANOVA
analysis shows that the rate constant of R and RS-I particles are statistically different (pvalue = 0.001) whereas the rate constants of RS-I, RS-II and RS-III are not statistically different
(p- value= 0.07). Therefore, it can be said that SiO2 coating overall reduces the photocatalytic
activity.
The conditional rate constants for 2-MIB photodegradation are 0.047±0.002 and
0.042±0.002 min-1 for R and RT-I, respectively (Figure 2.7). Thus, the TiO2 topcoat does not result
in a significant reduction in the photodegradation rate (p-value = 0.26), while providing an increase
in the photocatalyst’s robustness.

Figure 2. 12:(a) Plot of Si/Ti ratio from the XPS data to the amount of SiO2 precursor (TEOS)/R
ratio, and (b) rate constant for 2-MIB photodegradation vs the TEOS/R ratio for the RS particles
To help determine the relative contribution of the anchored P25 particles and the TiO2
topcoat to the overall photodegradation rates, the SiO2-coated magnetic particles (MS; Table 2.1)
were coated only with the sol-gel TiO2 topcoat following the same procedure used in generating
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the RT-I particles. These particles denoted at MST-I (Table 2.1), differ from RT-I in that there is
no P25 layer. Hence, the difference between the 2-MIB photodegradation rates for RT-I and MSTI may be attributed to the relative contributions of P25 to the overall rate. The MST-I particles
have a conditional rate constant of 0.026±0.005 min-1 that is 1.8× smaller than those of R and RTI particles (Figure 2.7). This shows that the photocatalytic activity of RT-I is dominated by the
contribution from P25 and not the sol-gel TiO2. The hole-electron pairs generated by P25 freely
migrate through the TiO2 topcoat resulting in similar photodegradation rates by the R and RT-I
particles. While the sol-gel TiO2 topcoat provides only a marginal measure of photocatalytic
efficiency with respect to 2-MIB photodegradation (MST-I, Figure 2.7), this coating is
nevertheless important because it improves the robustness of the particles. Thus, optimizing the
amount of TiO2 sol-gel in the topcoat should lead to completely robust particles without a decrease
in the photodegradation rate. The RT-II particles showed 1.8 higher photodegradation rate
compared to the R particles (Figure 2.7). Although, the MST-II particles showed only 1.3 higher

Figure 2. 13: Photocatalytic activity of P25 and RT-II on a per mass TiO2 basis
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2-MIB photodegradation rate compared to the MST-I particles, we observed 1.9× higher
photodegradation rate in presence of P25. The RT-II particles showed a similar photocatalytic
activity to P25 on a per mass TiO2 basis (Figure 2.9) for the degradation of 2-MIB.
The photoluminescence lifetimes for R, RT-I, RT-II is similar (Figure 2.10), suggesting
that a TiO2 topcoat does not impede the movement of the holes and electrons generated in the P25
from reaching the outer surface of the coated magnetic particle. Since there is no change in the
electron-hole pair lifetime, the contribution in the number of hole-electron pairs generated in the
P25 and TiO2 topcoat is additive leading to a higher photodegradation rate.

Figure 2. 14: Photoluminescence lifetime of R, RT-I and RT-II particles
The specific surface areas for R, RT-I, and RT-II particles are 35, 41, and 51 m2 g-1,
respectively. The BJH pore volume and pore diameter data is listed in Table 2.2. Applying the thin
TiO2 top coating leads to a decrease in the average pore size and to a rise in the higher surface
area. The Tween-80 assisted sol-gel TiO2 coating gives rise to small pores resulting in a smaller
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pore size but not changing the pore volume. The rate constants of R, RT-I and RT-II, normalized
by the surface area, are 0.033±0.002, 0.026±0.006 and0.041±0.002 min-1 m-2. The one-way
ANOVA analysis shows that these numbers are not statistically different (p-value= 0.083). This
suggests that the increased photocatalytic rate in TiO2 top coated particles can attributed to the
increased surface area. The other contributing factors, such as the increased mass of TiO2 on the
surface of RT-II particles that increases the optical absorption, lead to enhancement of the
photocatalytic rate.
Table 2.2: List of catalysts with surface area and porosity
Catalyst

BET surface area Pore

volume Pore size (nm)b

(m2/g)

(cm3/g)a

R

34

0.2579

30.9

RT-I

41

0.2647

28.8

RT-II

51

0.2550

23.3

a

BJH Adsorption cumulative volume of pores

b

BJH Adsorption average pore diameter

Figure 2.11 shows the GSM photodegradation rates by the RT-I and RT-II particles. The
initial concentration (C0) is the GSM concentration in solution after stirring for 30 min in the dark
in the presence of the catalyst. The error bars are one standard deviation from three replicate
experiments. A statistically weighted linear regression is plotted and was used to determine the
error in the conditional rate constants. RT-I and RT-II showed a 1.2× and 2.1× higher rate
compared to the R particles, respectively. Thus, in contrast to the SiO2 overcoat, the TiO2 overcoat
leads to an increase in both robustness and GSM photodegradation rates. For the control materials,
the MST-I and MST-II particles have rate constants at 1.8× and 2.8× lower rate constant compared
to the R particles, respectively.
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Figure 2. 15: Photocatalytic decomposition of GSM with the RT photocatalysts
2.3.6 Reusability Measurements
The results from the reusability study are shown in Figure 2.12. Amongst the three RS
materials (Table 2.1), the RS-II particles were selected for reusability studies because it exhibited
the highest MIB photodegradation rate (Figure 2.7). For the RS-II particles, the photodegradation
rate decreased by 1.5% after 10th cycle, and no change in turbidity was obtained (Figure 2.12a).
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(a)

(b)

Figure 2. 17: The MIB conditional photodegradation rate constants obtained by (a) RS-II, and (b)
RT-II as a function of the number of trials
Given that the RT-II particles had the highest photocatalytic activity (Figure 2.7), this
catalyst was studied for reusability measurement. These particles showed only 1% change in rate
constant after 10th cycle (Figure 2.12 b). Therefore, this RT-II catalyst was characterized before
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and after the reusability experiments by XRD, XPS and TEM. The overall mass ratio of TiO 2 to
magnetic core was 2.3±0.1 before the photocatalytic experiment. After 10 cycle of reusability test,
the ratio of TiO2 to magnetic core remained same (Figure 2.13).

Figure 2. 18: XRD spectra of RT-II particles (a) before, and (b) after 10th cycle
The XPS showed the surface composition of the catalyst. The atomic %Ti of the RT-II
catalyst was 66% before the photocatalytic experiment. The surface atomic %Ti remained the same
after 10 cycle of reusability experiment (Figure 2.14). The morphology of the RT-II catalyst was
also compared before and after the recycling experiment using TEM (Figure 2.15). The TEM
image of R particles shows that the TiO2 particles are aggregated around the magnetic core whereas
after the sol-gel TiO2 coating the smaller particles got embedded under the top coating and surface
became smoother. After 10 cycles, there was no change in the morphology. Furthermore, the
concentration of TiO2 in the solution phase after 10 cycles was 0.04 ppm, equivalent to ~0.02% of
the initial catalyst. Currently there is no Maximum Contaminant Level set by the U.S.
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Environmental Protection Agency for Ti in drinking water. The ICP, XRD and XPS data show
that the sol-gel TiO2 topcoat on the R particles attaches the P25 particles to the core particles and
there is little, if any loss of material after 10 cycles.
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Figure 2. 14: XPS spectra of RT catalysts before and after 10th cycle of photocatalytic experiment

Figure 2. 15: TEM image of (a) R catalyst, (b) RT-II catalyst before photocatalytic experiment,
and (c) after 10th cycle of photocatalytic experiment
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2.4

Conclusions
The aim of this study was to develop a method to produce robust photocatalysts

containing P25 anchored to magnetic particles. The approach involved applying a topcoat of SiO2
or TiO2 sol-gel film onto the P25-coated magnetic particles. The base particles containing the
sintered P25 had similar photodegradation rates compared to the suspensions containing only P25
particles on a per P25 mass basis for the degradation of organic compounds. Both topcoats lead
to dramatic improvements in the robustness of the particles in reusability studies of suspensions
under vigorous stirring conditions. While the photocatalysts with a SiO2 topcoat showed a
dramatic improvement in robustness, they were not as photocatalytically active as those containing
a TiO2 topcoat. The best silica-coated catalyst, RS-II, showed a decrease by a factor of 1.3 in
decomposition rates relative to the base particles, R, (Figure 2.7) even though >95% surface of the
particles was covered by the silica. After 10 cycles, these particles showed only a 1.5% decrease
(Figure 2.12a) in photocatalytic rate and no increase in turbidity due to loss of P25. The TiO2
topcoat showed an increase in photocatalytic activity relative to the base particles, R (Figure 2.7).
Control experiments showed that the increase in activity of the particles with a TiO2 topcoat was
due to the increase in the number of hole-electron pairs, and the specific surface area of the
material. Also, the best TiO2 top coated catalyst (RT-II) showed only 1% change in rate constant
and no change in turbidity after 10th cycle (Figure 2.12 b).
Developing methods for producing robust coatings of P25 on magnetic particles is a critical
challenge if these materials are to be used as photocatalysts in drinking water and wastewater
treatment plants. While we have shown a methodology for improving the robustness of P25
catalysts immobilized on magnetic particles, the approach could be adapted to immobilize other
photocatalysts on other substrates.
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3

CHAPTER 3: WATER DESORPTION/ADSORPTION FROM CELLULOSE
NANOFIBERS IN AIR AND SUPERCRITICAL CO2

3.1

Introduction
Cellulose is the most abundant natural polymer. This biopolymer has repeating units of

glucose which are connected by a β-glycosidic linkage. Each glucose has three hydroxyl groups
which render the cellulose hydrophilic151. Cellulose nanofibers (CNFs) are natural aggregates of
cellulose with a high aspect ratio in which the diameter varies between 5-100 nm and a length of
microns152. CNF is easily dispersible in water due to its hydrophilic nature. However, above
3wt% in water, the CNF forms a viscous paste. This is because the 3wt% CNF behaves like a
hydrogel due to the abundant hydrogen bonding between the OH groups, which can trap water and
swell the fibers.
Our interest is in using CNF as a reinforcing biopolymer in thermoplastics, such as
polylactic acid (PLA) and polypropylene (PP), for use in 3-D printing. However, the 3wt% CNF
slurry requires drying before compounding with the thermoplastic. Typical methods for drying
CNF include air drying, freeze-drying, spray drying, and supercritical CO2 (scCO2) drying153,154.
For CNF/polymer composites, retaining the nano-dimensions of the CNF is desirable to impart the
highest mechanical strength155. One of the challenges is that the CNF loses its nano-dimension
due to the aggregation of the CNF fibers upon drying. In this regard, scCO 2 drying has shown to
produce the least amount of aggregation of the CNF, as this solvent has no surface tension156.
While scCO2 drying produces the least amount of aggregation of CNF, intermediate steps
of solvent exchange with ethanol, then exchange with liquid CO2 are required156. This is because
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the solubility of water is low in CO2 with values of 0.28 to 0.45 g/L over CO2 pressures of 5.04 to
15.2 MPa at 50 C157. Recently, Alyson Manley, a graduate student in our group, developed an
approach to dry CNF/PLA suspensions without the need for an ethanol exchange. In this case, a
process known as contact dewatering occurs, where the adsorption of the CNF on the PLA results
in the dewatering of the suspension. When liquid CO2 was added to a reaction vessel containing
CNF/PLA suspension (10% total solids in water), the CO2 level rose through the CNF/PLA
suspension and pushed the water out. The excess water was then vented from the system.
Repeated add/vent cycles resulted in a completely dry material. The number of cycles need to dry
the material and the morphology of the dried CNF/PLA depended on the temperature and pressure
of the CO2.
In the typical scCO2 drying method, the interaction of scCO2 with the water adsorbed on
CNF is not considered because of the use of ethanol as an intermediate step. However, in the case
of contact dewatering in CNF/PLA suspensions, the CO2 does interact with the bulk water as well
as the adsorbed water on the CNF. Therefore, developing an insight into the molecular processes
occurring at the CNF/water interface in the presence of scCO2 would be beneficial in improving
the process of drying CNF/PLA in scCO2.
Much of our understanding of the interaction of water with CNF is derived from numerous
gas-phase studies of water adsorption/desorption as a function of temperatures. For example,
Hatakeyama et al.

158

studied the water vaporization from cellulose using Differential Scanning

Calorimetry (DSC). In their study, they used cotton films with different amounts of bound water
and measured the evaporation of water as a function of temperature. The first desorption peak of
water appeared at 60C, and is assigned to the adlayer of water hydrogen bonded to other water
molecules. A second peak occurring at 120C was assigned to bound water with the OH groups of
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cellulose. Xin et al. used 159 micro-FTIR spectroscopy to monitor the adsorption of water in
cellulose, using a controlled humidity chamber equipped with IR windows. They monitored the
spectral changes that occur as the relative humidity (RH) increased inside the IR chamber and
showed that OH groups of cellulose are the major adsorption sites for water. O’Neil et al.
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studied the dynamics of the bound water layer in cellulose using small angle neutron scattering
and X-ray diffraction. They reported two types of water, one which is non-freezing water, and the
other is confined water.
The consensus from the numerous studies of water adsorption on CNF is that there are
three types of water associated with these nanofibers153,161. They are classified as (i) free water,
(ii) freezing water and, (ii) nonfreezing water. The free water is also called bulk water or easy to
remove water. The freezing water is not easily removed and defined as trapped water inside the
CNF fibers that is not directly bound to the hydroxyl groups of CNF. The nonfreezing water is
considered hard to remove as these water molecules are directly bound to the OH groups of CNF.
The freezing and nonfreezing water make up the total bound water or hard to remove water in
cellulose.
While there have been numerous gas phase studies on the behavior of water adsorbed on
CNF, similar studies with CNF in contact with scCO2 has not been reported. However, developing
an understanding of the molecular processes occurring during the dehydration/hydration of CNF
in scCO2 would be beneficial, given the recent discovery by Alyson Manley that CNF/PLA
mixtures can be directly dried by scCO2 without the need of an ethanol exchange. Thus, in this
chapter, we now report the use of infrared spectroscopy to investigate the adsorption/desorption
behavior of water in scCO2. A key enabler is the use of an in situ IR cell designed specifically for
studying reactions on silica and metal oxides in scCO212-14. Here, we use the same IR cell to now
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investigate the drying of CNF in scCO2. In this chapter, we have focused on the desorption of
water in scCO2 and the drying efficiency of scCO2 for cellulose. Infrared spectra are recorded as
a function of temperature in air and under vacuum without moving a CNF disk from the IR beam.
This enables the detection of subtle IR features that provided new insight to the gas phase
desorption/adsorption of water from CNF.
3.2

Experimental

3.2.1 Material
The 3wt% CNF suspension was provided by the University of Maine Process Development
Center. The CNF is produced from northern softwood kraft pulp, using a refiner-based method,
and had 90% fines.
3.2.2 Film Fabrication
3.2.2.1 Dry films
Dry CNF films were prepared following a procedure reported elsewhere 165. In brief, 9.45g
of a 3wt% CNF suspension was first diluted to 0.25 wt% by the addition of 95.1g of deionized
water. The diluted suspension was then sonicated for 2 min and then added in one shot to a
Buchner filter fitted with a wetted 11 cm diameter, Whatman Grade 5, 2.5-micron pore size filter
paper. The suspension was filtered under partial vacuum (254 torr) until there was an interval of
20 sec between water drops falling from the funnel of the Buchner filter. The film/filter paper was
removed from the Buchner funnel and another filter paper was placed on top of the CNF film,
followed by drying under a hot press at 120C for 10 minutes. Minimal pressure was used for this
step. The two plates of the hot press were just touching with the pressure gauge reading zero. The
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filter papers, on top and bottom of the CNF film, were removed and the film was further compacted
by pressing at 1.1 MPa and 120C.
3.2.2.2 Wet films
The steps used to prepare wet film were the same as those used for dry film, up to filtration
through the Buchner funnel. After filtration, the film sandwiched between two filtration papers
was placed between two blotting papers, one on top and the other on the bottom of the film. The
film was then pressed at room temperature under 200 kg/cm2 for 10 minutes.
3.2.3 In situ IR spectroscopic studies of dry and wet films in scCO2
The setup used for in situ IR studies in scCO2 is shown in Figure 3.1. It consists of a liquid
CO2 tank, an HPLC pump (SFC24, constant pressure supercritical pump) and a home-built IR cell.
A picture of the home-built cell is shown in the inset of Figure 3.1. The IR cell has two ZnSe
crystals (13 mm dia. x 2 cm long) mounted into two threaded window assemblies that are then
screwed into the front and back of the stainless-steel chamber. The ZnSe windows are sealed into
the window assemblies using pressure seated Teflon™ O-rings using 4 set screws. The opening
in the window assemblies is 4 mm in diameter, to enable transmission measurements through the
IR cell.
Dry or wet CNF films were cut into 15 mm diameter wafers and placed in a glass-made
holder with a slit (see inset of Figure 3.1). The front window assembly was then tightened on the
IR cell chamber and the entire cell was mounted in the sample compartment of the spectrometer.
We estimate the volume of the IR cell (minus the volume of the glass holder and CNF film) to be
1.5 mL. There are two valves (V1 and V2) set between the pump and the IR cell for controlled
flow of CO2 through the bottom of the IR cell and out through the top. A third valve (V3) was
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located after the IR cell. The pressure inside the IR cell was monitored using the pressure gauge
placed between V1 and V2. The temperature was controlled, using a heat tape wrapped around
the cell, powered by a variable transformer and then monitored by a thermocouple placed under
the heat tape. Once aligned in the spectrometer, the IR cell was not moved until the experiment
was completed. IR spectra were recorded before introducing CO2, in the presence of CO2, and
after depressurization of the CO2. A reference spectrum was recorded through the IR cell
containing the sample holder in air at room temperature. Spectra consisting of 100 coadded scans
were recorded at a resolution of 8 cm-1.

Figure 3.1: Schematic of experimental setup recording IR spectra of CNF in scCO2. The inset
shows the in situ IR cell
Figure 3.2a shows the phase diagram of CO2 and the experimental protocols used for
pressurization/depressurization of the CO2. Drying of wet films were done using two different
protocols. The steps in each protocol for one cycle of each experiment are shown in Figure 3.2b.
For comparative purposes, infrared spectra of evaporation of water from dry and wet films in the
air were recorded using the in-situ gas cell shown in Figure 3.3. The cell is designed to be attached
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(a)

(b)

Figure 3.2: (a) Phase diagram of CO2 showing the phase of CO2 in which the CNF was
dried, and (b) flow chart of drying a wet CNF film in CO2
to a standard vacuum line for evacuation as well as for introducing various gases to the CNF. The
gas phase studies were both done under vacuum (10-3 torr) and in air. For drying in air, the IR cell
was not connected to the vacuum line and the inlet valve on the cell was opened to expose the CNF
film to air. The CNF films were cut into 25 mm diameter wafers, mounted into a glass holder
containing a slot, and then inserted into the furnace region of the cell. The gas cell contained KBr
windows where the front window was mated to the cell using Viton™ O-rings. The cell was
mounted into the sample compartment and spectra were recorded in situ without moving the
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sample. IR spectra were recorded as a function of time while heating the sample at temperatures
of 50, 110, and 130C. The furnace was then turned off and spectra were recorded while the
sample cooled back to room temperature.

Figure 3.3: IR cell for gas-phase studies
3.2.4 XRD and SEM
A Zeiss N vision 40 system was used to record SEM images of the dried CNF films. The
X-Ray powder diffraction patterns were recorded on a PANanalytical X’pert MRD X-Ray
diffraction system using Cu-Kα radiation at a scanning rate of 0.3 /sec. The film was placed on
double-sided transparent tape, which led to a uniform film on the glass slide. X’pert HighScore
Plus Software was used to analyze the spectra.
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3.3

Results and discussion

3.3.1 IR studies of CNF in the gas phase
Figure 3.4 shows the IR spectra of CNF at room temperature in air and after heating at
130C in air, followed by cooling to room temperature. There are peaks in the 1000-1200 cm-1
region corresponding to cellulose skeletal vibrations, 2800-2900 cm-1 due to C-H stretching
modes, and 3400-3600 cm-1 to OH stretching modes166. There are also peaks at 1640 cm-1 and
3400 cm-1 corresponding to water bending and stretching modes, respectively. The negative broad
band in the difference spectrum near 800 cm-1 is a water librational mode. Of note is the decrease
in the bending mode of adsorbed water at 1640 cm-1, and this band is used to measure the amount
of water on the CNF. Changes do occur in the 3400 cm-1 region, as this contains the much stronger
stretching modes of water.

Figure 3.4: IR spectra of dry film before and after heating at 130oC
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However, this band overlaps with the OH stretching modes of CNF, which renders quantification
of the amount of water more difficult. Artifacts appear in this region, as this is a common
occurrence when performing subtractions in regions containing strong underlying bands. The OH
bands of the CNF change because of the removal of the hydrogen bond between to OH groups and
the water as well as changes in the shape and position of bands that occur when recording spectra
at 130C, compared to room temperature. In contrast, the difference spectrum does not contain
artifacts in the region containing the bending mode of water, as there are no other overlapping
bands in this region. This is the reason we use the bending mode at 1640 cm-1 for monitoring the
amount of water on CNF.
(a)

(b)

(c)

Figure 3.5:IR spectra recorded as a function of time while heating a dry film at (a) 50oC (b) 110oC, and
(c) 130oC and while the film cooled back to room temperature
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Figures 3.5 a, b, and c show the change in the water bending region of the IR spectra
recorded while a CNF film was heated at 50, 110, and 130C, respectively, in air and while cooling
back to room temperature. The intensity of the band at 1640 cm-1 was quantified in terms of wt%
water on CNF using the following procedure.
In quantitative IR spectroscopy, the height of the 1640 cm-1 peak is converted to the
concentration of water, according to the Beer-Lambert Law (eqn 3.1):
𝐴 = 𝜖𝑐𝑙

(3.1)

where, A= absorbance value of band at 1640 cm-1, ϵ = molar extinction coefficient, c =
concentration of water and l = length of the cell. The unit of the molar extinction coefficient is
M-1cm-1. However, we are not using a transmission cell of fixed pathlength, l, but rather a CNF
film, and in this case, the Beer’s Law relationship becomes:
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒

𝐴 = 𝜖. 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑙𝑚

(3.2)

where 𝜖 is the extinction coefficient in units of cm2/g and has the value of 1202 cm2/g167 for the
band at 1640 cm-1. Hence, the total mass of the water adsorbed on the CNF film can be calculated
using the height of the band at 1640 cm-1, the calculated or measured area of the film, and the
known extinction coefficient of the peak. From the total mass of water and the known mass of the
CNF water, the wt % of water in CNF is then determined, and these are plotted in Figure 3.6.
The amount of water initially adsorbed on the dry CNF film varied between 6.5 and 7.2
wt% due to the dependence on the relative humidity of the air. When a dry CNF film was heated
at 50C, about 50% of the water was evaporated in the first hour of heating. No further loss of
water occurs with heating for longer times. It is noted that the plateau in the water evaporation

67

curve exceeded the time required to heat the sample from room temperature to 50C. About 20
minutes was required to raise the temperature from room temperature to 50C and during this time,
33% of the water evaporated. At 110C, 82% of the adsorbed water was removed after 60 min of
heating. The maximum amount of water evaporated was about 85%. When the temperature was
raised to 130C, the water was removed completely. This agrees with the DSC studies by
Hatakeyama et al.158. They observed two vaporization peaks, one around 50C and the other one
around 125C. The peak at 125C was associated with the water bound to OH groups of cellulose.
After cooling down to room temperature, the reabsorption was reversible and required about an
hour.

Figure 3.6: The wt% of water on cellulose as a function of time while heating to (a) 50oC, (b)
110oC, and (c) 130oC and during the cooling cycle
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Now, these dry films contain 6-7 wt% water, which represents the bound water layer on
the CNF. Recall that the CNF is supplied as a 3wt% suspension and hence, most of this is bulk
water not adsorbed onto the CNF. To understand how the bulk water behaves while heating the
CNF film, the same IR studies in air were performed using a wet CNF film containing 30-40 wt%
water.
Figure 3.7 shows IR spectra of a CNF wet film dried at 50oC in air. The first spectrum was
recorded before heating and in this spectrum, the water fundamental modes are too intense to
quantify. To quantify the water at this high level, the combination mode of water, centered at
2130 cm-1, was used. The absorption coefficient of this band was 192 cm2g-1 167.
1368

Increasing
time

Figure 3.7: IR spectra of a wet CNF film heated in the air 50oC as a function of time
The bulk water is easily removed by heating in air to 50C and disappears within the first
10 minutes. Once this initial water was removed, the spectra, at first glance, appear to be the same
as those obtained with the dry CNF films. However, on closer inspection, three bands in the water
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bending mode region are observed. As shown in Figure 3.8, these peaks are centered at 1668,
1636 and 1596 cm-1. From known spectroscopic trends, the shift to a higher wavenumber in the
water bending mode is due to a stronger bond between water and the CNF168,169.

(a)
Increasing
time

(b)

Figure 3.8: (a)IR spectra of a dry CNF film heated as a function of
time while heating in air at 50oC with time, and (b) curve fitting to the
water bending mode
Velazquez et al.170 studied the water adsorption of methyl cellulose with increasing RH.
The methyl cellulose film, which first dried in an oven at 75oC, and IR spectra were recorded for
a film exposed to water vapor with increasing RH. They observed a shift in the peak position of
the water bending mode from 1644 to 1649 cm-1 as the RH increased from 2.1% to 20.85% and
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concluded that there is more than one type of water present. They then curve fitted what appears
to us as a single Gaussian/Lorentzian water bending mode, with 4 components (shown in Figure
3.9). Two major components at 1640 (peak 7) and 1655 cm-1 (peak 8), representing free water and
bound water, were identified whereas, the other two fitted bands (lower than 1640 and higher than
1650 cm-1) were not mentioned or assigned.

Figure 3.9: IR spectra of methyl cellulose in 90% RH (adapted from reference 170)
In contrast, our spectra differ from those reported by Velazquez et al. because we started
with a wet film which had never been dried. In our spectra obtained for wet CNF films (see Figures
3.9 and 3.10), there are clearly three different bands contributing to the overall shape of the water
bending mode. The band at 1636 cm-1 is observed in the spectrum of liquid water and thus, is
assigned to water that is hydrogen bonded to other water molecules but not hydrogen bonded to
OH groups of cellulose. The band at 1668 cm-1 is assigned the water, which is directly bonded to
OH groups of cellulose. A shift to higher frequency in the bending mode is known to occur when
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water is strongly bound to surfaces or compounds. For example, Saleh and Tripp168 have shown
that strongly bonded water in transition metal hydrates lead to a shift in the bending mode as high
as 1750 cm-1. The water band at 1596 cm-1 is assigned to trapped individual water molecules in
the cellulose fiber’s structure that are not hydrogen bonded to each other or to the OH bands of
CNF. Note that a single band at 1640 cm-1, and not three bands, is observed for the dry CNF films
(see Figure 3.5). With the dry film, water vapor adsorbing on the CNF after film formation leads
to a multilayered water structure on the surface and hence, the spectrum resembles bulk water. In
this case, one would not expect individual trapped water, as the water in the air would not be able
to access these regions of the fibers. However, when a wet cellulose film containing 35 wt% water
is heated at 50oC, the removal of the bulk water would lead to aggregation of the fibers and trapping
of some of the water inside the fibers that cannot be removed by heating at 50C. Hence, the
reason we observe three distinct water bending modes when starting with a wet CNF verses a dry
CNF film.
When a wet film was heated at a higher temperature of 110C, the level of trapped water
increases. Figure 3.10 shows the IR spectra of water bending mode region as a function of time at
110C. In Figure 3.10a, the top spectrum was recorded when the temperature reached 110C. The
remaining spectra were collected as a function of time at 110±5 C. As time progresses, the bands
decrease in intensity and the shape of the overall bending peak also changes. The peak centered
at 1596 cm-1 did not decrease with time while heating at 110C. In contrast, the band at 1640 cm-1
decreases and disappears completely, leaving only two bands at 1596 and 1668 cm-1. This shows
that the bulk water could be completely removed at 110C. The band due to trapped water is more
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intense than that obtained with heating at 50C, which is consistent with a higher level of water
removal, leading to shrinkage of the CNF film and entrapment of a higher amount of water.

(a)

Increasing
time

(b)
Increasing
time

Figure 3.10: IR spectra of a wet CNF film recorded as function of time while
heating the film at (a) 110oC, and (b) 130oC
The wet CNF film was also heated at 130C and a similar trend was observed (Figure
3.10b) to that obtained for heating at 110C. The liquid water at 1640 cm-1 was completely
removed, as the overall peak could be fitted to two components only, at 1601 and 1668 cm-1. We
cannot calculate the amount of trapped water, as this would require knowledge of the extinction
coefficients. However, the relative amount of trapped water between samples can be determined
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from the ratio of the water band to a cellulose band. Using the intensity of the cellulose band at
1368 cm-1, we calculate values for the 1600/1368 cm-1 ratio of 0.07, 0.12 and 0.11 for films dried
at 50, 110 and 130C, respectively. This shows that there is no difference between the amount of
trapped water when water is evaporated out of wet CNF film at 110 and 130C. However, at 50C,
the trapped amount of water is about 35% lower, compared to trapped water at 110 and 130C.
This indicates that more aggregation occurs at the high temperatures, which, in turn, traps more
water between fibers or inside the fibers. This trapped water was not removed even after 4 hours
of heating at 130C.
In our next experiment, the wet CNF film was dried under vacuum at room temperature
and 50C (see Figures 3.11a and 3.11b). Evacuation at room temperature removes most of the
water within 5 minutes. The remaining water adsorbed does not change with evacuation for longer
times. It’s difficult to curve fit and quantify the remaining water after evacuation at room
temperature because of the low intensity of the water bands. On the other hand, when a wet CNF
film was heated at 50C, followed by evacuation under 10-3 torr pressure, three water bending
modes are observed. These three bands were similar to those obtained for CNF wet films heated
in air at 110 and 130 C. The 1600/1368 ratio was 0.16, which is 30% higher, compared to ratio
obtained for wet films heated in air at 110 and 130C. This higher amount of trapped water could
be due to the fast removal of water during evacuation as compared to the slower evaporation of
water when heating a CNF wet film in air. The higher capillary action with evacuation would lead
to higher amount of aggregation of the fibers, resulting in a higher level of trapped water. This
shows than when the water is removed quickly, it changes the structure of fibers, leading to trapped
water and cannot be removed by evacuation or heating at 130C.
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(a)
Increasing
time

(b)
Increasing
time

Figure 3.11: IR spectra of a wet CNF film evacuated as a function of time at (a)
room temperature, and at (b) 50oC
3.3.2 IR studies of CNF in scCO2
Figure 3.12 shows the IR spectra of CNF dry films in air at room temperature and in contact
with liquid CO2 at room temperature and 6.5 MPa. The CO2 has strong bands in the 530-895 cm-1,
2100-2600 cm-1 and 3460-3870 cm-1 regions, rendering these regions opaque to infrared radiation.
However, there are several broad transparent regions and in particular, the spectra shows that the
CO2 does not interfere with detection of the bending mode of water. Also note that the spectrum
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of the CNF film is opaque in the OH stretching region. This is because we are using a thicker CNF
film (about 30-40 µm) than used in the gas phase studies. Since the OH region will be opaque to
the presence of the CO2, we opted to use a thicker CNF film to compensate for the loss of signal
and hence, lower signal-to-noise due to the smaller aperture of the scCO2 IR cell.

Figure 3.12: IR spectra of (a) CNF dry film at room temperature, and (b) CNF film
and CO2 at room temperature and 6.5 MPa (spectra are offset for clarity)

Figure 3.13 shows an expanded region in the water bending mode region for a CNF film
before and after introducing CO2 as a function of pressure from 6.5 psi to 17.2 MPa. With
increasing CO2 pressure, the band at 1640 cm-1 decreases, which is accompanied by the appearance
of a band at 1608 cm-1. The band at 1608 cm-1 is the bending mode of water in the scCO2 phase
and its appearance shows that water is extracted from cellulose transferred into the CO2 phase164.
Since the desorbed water is not hydrogen-bonded to each other, but rather, surrounded by CO2
molecules, the bending mode shifts to a lower wavenumber.
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Figure 3.13: IR spectra of CNF in scCO2 as a function of pressure at 50oC
Figure 3.14 shows the plot of the increase in the amount of water desorbed from cellulose
and transferred to scCO2 as a function of CO2 pressure at 50C. Included in this graph is the
solubility of water in CO2 at 50C 157 (scale shown on the right). While the desorption of water

Figure 3.14: Correlation of water desorption from cellulose to CO2 and solubility
of water in scCO2 at 50oC
increases with CO2 pressure, it is marked by a rapid increase at the transition from liquid to
supercritical phase. An increase in water desorption with pressure is expected, as the solubility of
water in CO2 increases with pressure. However, at all pressures, the amount of water extracted
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from cellulose does not exceed the solubility limit of water in scCO2. For example, the water
removed from cellulose at 15.2 MPa and 50 C is 0.13g/L, which is 3.5 times lower than the
solubility of water in scCO2 at this pressure and temperature. This is expected, as the solubility of
water into the scCO2 does not include the enthalpic and entropic factors involved with the breakage
of the hydrogen bonding of the water to the OH groups of the cellulose.
More importantly, there is no sharp increase in the solubility of the water that occurs at the
transition between liquid to scCO2. Hence, it is not the solubility of water in the scCO2 that is
responsible for the sharp increase in the amount of water removed from the CNF at the liquid to
supercritical transition. Liquid CO2, which is a hydrophobic solvent, does not wet a hydrophilic
material such as CNF.

However, scCO2 has no surface tension and therefore, fully wets

hydrophilic or hydrophobic materials. The transition from non-wetting to complete wetting
enables contact of the adsorbed water layer with the scCO2, facilitating the partitioning of the water
into the fluid phase. This same phenomenon occurring at the liquid to supercritical transition was
observed for removal of water from silica.
Above the transition pressure, the water in CO2 increases with pressure and follows the
change in the solubility of water in CO2. Liquid CO2 is a hydrophobic solvent and thus, a
non-wetting solvent for silica or CNF. However, once the transition to scCO2 occurs, the surface
tension of CO2 goes to zero and the surface of CNF is fully wetted by the CO2, which facilitates
the movement of water from the CNF into the supercritical fluid phase. The maximum amount of
water desorbed is then dictated by the solubility level and thus, once in the supercritical phase,
additional water removal with pressure tracks the increase in solubility of water in the CO2 phase.
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The same batch process of increasing the CO2 pressure incrementally and venting off once
the pressure had reached 17.2 MPa, was repeated 3 times and at the end, it was found that about
67% water was removed. This is because the water removal is done in a closed cell, where only a
fixed amount of H2O can transfer to the 1.5 mL volume of CO2 in the cell. A possible solution to
increasing the amount of water removed would be additional fill/vent cycles. The other possible
solution would be to continuously flow the CO2 through the cell. While flowing CO2 would be
the preferred method, it would require a cell that would allow for the scCO2 to pass through the
CNF material. The in situ IR scCO2 cell is not designed for this purpose and under continuous
flow conditions, much of the incoming CO2 bypasses contact with the CNF film and simply exits
the IR cell. The success of a continuous flow of CO2 through a drying vessel would depend on the
design of the vessel. Therefore, we decided to use a batch process of fill/vent cycles with our IR
cell.

Figure 3.15: IR spectra of dry CNF film before and after three fill/vent cycles
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The IR cell containing a dry CNF film with 7wt% water was first filled with liquid CO2
(6.21 MPa at 50C) and then the liquid CO2 was transitioned to the supercritical phase by
increasing the pressure to 9.66 MPa. The IR cell was then vented to atmospheric pressure (0.1
MPa). These combined steps would be one cycle. This same cycle was repeated 3 times and
resulted in removal of all water, except for the residual trapped water. After 3 cycles, the trapped
water giving rise to the IR band located at 1596 cm-1 was not removed (Figure 3.15).
Typically, CNF is supplied as a 3wt% suspension in water and our next step was to
incorporate CNF films with higher content of water and compare the drying efficiency of different
phases of CO2. The critical point for CO2 occurs at 31.1C, and 7.38 MPa. The phase of CO2 can
be changed from gaseous to liquid to supercritical condition by changing the temperature and
pressure. The first experiment is liquid CO2 drying, where the cellulose film was first pressurized
to 6.48 MPa at room temperature (see Figure 3.2b). The pressure was increased to 9.66 MPa and
then the cell was vented. At both pressures, the CO2 is a liquid, but the density increases with
pressure. The CO2 is released from the cell, which means the water in CO2 is also discharged.
This cycle is repeated until there was no change in the IR band at 1620 cm -1 due to water. The
second experiment, cycles are performed at 50C, where the CO2 is in the supercritical phase.
Figure 3.16 shows the IR spectra of wet CNF film before and after 1st cycle of drying with
liquid CO2. As with the gas phase studies on wet CNF films, the combination mode at 2130 cm-1
and the bending mode at 1640 cm-1 were used to quantify the wt% of water. A total of 6 cycles
were performed. IR spectra were recorded at the end of each cycle.
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Figure 3.16: IR spectra of wet CNF film before and after first drying cycle with liquid CO2 at
room temperature
Figure 3.17 shows the wt% of water removed from CNF film after each cycle using liquid
CO2 or scCO2. After the 1st cycle, the liquid CO2 removed more water (~80%) compared to 67%
with scCO2 drying.

This shows that the liquid CO2 is better at removing the bulk water from a

Figure 3.17: Plot of (a) wt% of water removed as a function of cycles for liquid and
scCO2, and (b) expanded section for the last 20 wt% of water removed
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wet CNF film than scCO2. As the cell is filled, the meniscus level of the CO2 rises and pushes out
the bulk water from the CNF film. The water is less dense than the liquid CO2 and rises to the top
of the cell and then is vented out. However, in scCO2, there exists one phase, and hence, there is
no meniscus to push out the water layer. Figure 3.17b is an expanded section showing the last
20% of water removal. After the third cycle, the scCO2 is more effective than the liquid CO2. At
this point, the remaining water is due to adsorbed water on the CNF. Because scCO 2 wets the
surface completely, it is more effective at removing the adsorbed water than liquid CO2.

In

addition to the wetting properties, there is no aggregation of the CNF fibers upon venting in scCO2
and hence, there is less water trapped inside the fibers, compared to the amount of water trapped
when venting with liquid CO2.
Between liquid CO2 and scCO2, the latter is the best method to dry CNF above 90%.
However, after 6 cycles, there is still two different water components present in the scCO2 dried

Figure 3.18: Peak fitted to IR spectrum of CNF film dried at 50oC using scCO2
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CNF, as evidenced by the IR bands at 1654 and 1606 cm-1. The 1606 cm-1 band represents the
non-hydrogen bonded trapped water (see Figure 3.18). Given that the 1368 cm-1 band is off scale,
we used the band at 897 cm-1, which is the C-O-C glycosidic linkage of the amorphous region of
cellulose 166 to normalize the spectra. The band ratios were also calculated for the wet film dried
in air at 110 and 130oC and under vacuum at 50oC. The ratios were 0.11, 0.28, 0.26, and 0.37 for
the scCO2 dried, air dried at 110 oC, air dried at 130oC and vacuum dried at 50oC, respectively.
Thus, the amount of trapped water was at least 50% lower for the scCO2 dried film, compared to
any of the air dried and vacuum dried films. This shows that scCO2 has less collapse in the fiber
structure compared to air drying of CNF. Also, more water can be removed at a lower temperature
with drying in scCO2, compared to drying in air.
3.3.3 SEM and XRD

(b)

(a)

Figure 3.19: SEM image of dried CNF films in (a) liquid CO2, and (b) scCO2
Next, the SEM images were taken to analyze the morphology of the films after drying
(Figure 3.19). The SEM shows no significant difference between drying with liquid CO2 or scCO2.
Figure 3.20 shows the XRD patterns of cellulose films after drying. All the films show 2θ peaks
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at 14.6, 16.5, 22.4 and 34.7 corresponding to 110, 110, 200 and 004 planes of the crystalline
fraction of the CNF.

Figure 3.20: XRD patter of CNF dried in scCO2 and liquid CO2
The degree of crystallinity was determined using the well-established Segal Method171. In
this method, the crystallinity index is estimated by Equation 3.3.
𝐼

𝐶𝑖 (%) = (1 − 𝐼𝑎𝑚 ) × 100%
200

(3.3)

The calculated C.I. for the films is 51% and 63.4%, for liquid and scCO2 phase drying,
respectively. The C.I. index of the hot-pressed dry film was also measured (not shown here) and
found to be 68%. The hot-pressed films have a slightly higher C.I., which was explained by Ikram
et al.165 that at high temperature, the applied pressure on the film helps rearranging the fibers and
hence, increase the C.I. The liquid CO2 dried film showed almost 20% lower C.I., compared to the
scCO2 drying. At room temperature, and the pressures used in our work, CO2 is a dense
compressible liquid. This could be the reason for decrease in crystallinity of CNF. Penetration of
the liquid CO2 into the crystalline regions disrupts the hydrogen bonding between the CNF fibers.
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Upon depressurization, the capillary forces alter the fiber structure in the structure region, resulting
in a slightly lower crystallinity. In the case of scCO2 drying, the CO2 penetrates into the crystalline
region but, upon depressurization, there are no capillary forces and hence, the crystalline regions
are less disrupted.
3.4

Conclusion
In this chapter, we describe the use of in situ IR spectroscopic methods to investigate the

dehydration of CNF films from both the gas phase and in scCO2. Three different types of adsorbed
water on CNF were identified. These were (i) trapped water at around 1600±2 cm -1, (ii) liquid
hydrogen bonded water at 1640±5 cm-1, and (iii) water bonded to OH groups directly at
1663±5 cm-1. The change in the relative amounts of the three types of adsorbed water were
measured during heating in air, under vacuum and in scCO2. ScCO2 was found to produce the
least amount of trapped water with drying of CNF because scCO2 has no surface tension and hence,
there is no aggregation of the CNF fibers. It was found that the water removal from CNF film to
the scCO2 was also more effective at removing the adsorbed water than liquid CO2 and was
attributed to complete wetting of the CNF by the scCO2, which facilitated the portioning of the
water into the fluid phase.
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4

CHAPTER 4: AN IR SPECTROSCOPIC STUDY OF THE D2O EXCHANGE AND
ACETYLATION REACTION WITH CNF IN THE GAS PHASE AND SCCO2

4.1

Introduction
In Chapter 3, we demonstrated the utility of IR spectroscopy to investigate the dehydration

behavior of CNF in scCO2. It was shown that the water desorption from CNF increased
dramatically when the CO2 crossed from the liquid to the supercritical phase. This behavior was
traced to the nonwetting properties of liquid CO2 versus the complete wetting of CNF by the
scCO2. This is because the scCO2 has no surface tension. Our interest is to use scCO2 as a solvent
for performing esterification reactions with the hydroxyl groups of CNF using alkyl anhydrides
and pyridine as a catalyst. In this regard, another attractive feature of scCO2 is its high diffusivity
compared to conventional nonaqueous solvents172. This combination of high diffusivity and no
surface tension should allow for reagents dissolved into the scCO2 to access the inner regions of
the CNF to a greater degree than would be achievable using conventional solvents or for reactions
conducted from the gas phase.
In this chapter, we use our IR spectroscopic approach to evaluate the ability of scCO 2 to
bring reagents into the CNF fibers, as compared to the gas phase. In particular, the exchange of
D2O with the OH groups of cellulose was monitored using the in situ scCO2 IR cell described in
Chapter 3. We then use this same cell to investigate the reaction of acetic anhydride (AA) with
CNF, using pyridine (Py) as a catalyst, and contrast this to the reaction conducted using our in situ
gas IR cell.
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The use of IR spectroscopy in combination with D2O exchange has been used to study the
nature of the hydroxyl groups in the gas phase 75,173. Hofstetter et al. 173studied the interaction of
the three OH groups of cellulose with the moisture in the air. The OH stretching region shows
three bands at around 3230, 3340, and 3460 cm-1 assigned to O3-H---O6, O3-H---O5, and
O2-H---O6 bonds, respectively (see Figure 1.17a in Chapter 1). Exchange of the OH groups with
D2O vapor leads to a shift to lower wavenumber in the IR bands due to OH groups. When exposed
to D2O, all three OH bands decrease in intensity and a broad band centered at 2490 cm-1 assigned
to OD modes. A similar observation was also reported by Salmen et al.

76

. They studied the

kinetics of exchange and re-exchange of H+ of the OH groups with D2O and H2O and found that
the D2O exchange takes place almost immediately with OH groups that were defined as
“accessible”. Both O2-H---O6 and O3-H---O6 groups were deemed to be accessible, whereas
O3-H---O5 groups were not accessible and did not exchange with D2O.
The most common way to modify the CNF is by an esterification reaction of the hydroxyl
groups using carboxylic acid, carboxylic anhydride, or acyl chloride with or without catalysts. An
example of the reaction using AA and Py as a catalyst is shown in Scheme 4.1.

Scheme 4.1: Acetylation of cellulose nanofiber
The esterification can be done both in homogeneous

174

and heterogeneous phases. For

homogeneous esterification reactions, the cellulose is dissolved in a solvent, such as an ionic
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liquid. In case of heterogeneous reactions, the level of reaction depends on the extent the solvent
and reactant can access the surface by penetrating into the fiber.
The trend for surface modification of CNF is towards the usage of green or no solvents.
Hence, a gas phase reaction is one of the considered ways to hydrophobize CNF, as this route does
not use a solvent. The gas phase esterification reaction usually involves acyl chloride reagents as
these are highly reactive and the byproduct, HCl, can be removed under reduced pressure or by
flowing N2 through the reactor.

For example, Boisseau et al.,

175

reported the gas phase

esterification of CNF aerogel using palomtyl chloride. They first produced a highly porous aerogel
structure of CNF, using scCO2 drying to allow easy penetration of the reagents. The aerogel CNF
was esterified at high temperatures, ranging from 160 to 190°C, and reaction was conducted for 46 h to produce a CNF with a degree of substitution (DS) of 2.7. Rodionova et al 176 studied the
acetylation of CNF films in gas phase using mixtures of trifluoroacetic anhydride/acetic acid and
trifluoroacetic anhydride/acetic anhydride. The reaction was done at 40oC for 30 min, where they
reported a maximum DS value of 0.55. Both gas phase methods had disadvantages. In Boisseau et
al., the reaction required high temperatures whereas, with Rodionova et al., the reaction was done
at low temperatures but required toxic fluoro compounds.
An alternative to a gas phase esterification reaction is to perform this reaction in scCO 2.
The scCO2 has both gas-like properties, such as high diffusivity and no surface tension, as well as
liquid-like properties, such as the ability to dissolve reagents. Furthermore, scCO2 is a green
solvent in that the CO2 is easily removed from the products by simple venting and can be recovered
for reuse.

88

There have been a few studies regarding the acetylation of wood and cellulose in scCO2.
Nishino et al.

177

studied the acetylation of ramie fiber in scCO2 and measured the mechanical

properties of the acetylated fibers. Their acetylation process required 24 h presoaking of the ramie
fiber in a ZnCl2 and acetic acid mixture, followed by acetylation in scCO2. The acetylation was
performed for 2 h at a temperature of 70°C at a pressure of 9.8 MPa. They reported DS values as
high as 2.0. However, the drawback to this method was the need for a 24 h presoaking, followed
by removal of excess acetic acid before acetylation in the scCO2. In another approach by Yang et
al. 178, jute fibers were first passed through a continuous screw extrusion steam explosion system.
The fibers were then reacted with lauroyl chloride in scCO2 using pyridine as a catalyst at 100°C
for 2 h at a pressure of 14 MPa. The fiber was dispersed in lauroyl chloride and pyridine and stirred
in the scCO2 chamber during the reaction. Their data showed that scCO2 helped in bringing the
reagent in contact with the fiber more efficiently, compared to a vapor phase reaction which
resulted in a higher level of surface modification. However, the use of this material to improve the
mechanical properties of CNF/polymers was not reported.
To the best of our knowledge, there are no IR studies reporting the D2O exchange of CNF
in scCO2. McCool and Tripp163 used IR spectroscopy to study the accessibility of the OH groups
on silica, using D2O as a probe molecule in scCO2. They showed that all OH groups, including
those known as “inaccessible”, because of their inability to exchange with D2O vapor 400oC,
readily exchanged with D2O in scCO2 at 50oC. In addition, McCool and Tripp showed in their IR
studies that all these “inaccessible” OH groups reacted with the relatively bulky
octadecyltrichlorosilane in scCO2. Therefore, a natural extension is to use IR spectroscopy to
compare the D2O exchange and the acetylation reaction with CNF in both the gas phase and scCO2.
Hence, in this chapter, we have used the IR spectroscopic methods to investigate AA and Py as a
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catalyst, as these are common reagents used in esterification of CNF. Furthermore, both reagents
have sufficient vapor pressure for dissolving into scCO2.
4.2

Experimental

4.2.1 Materials
CNF as a 3wt% suspension in water was supplied by the Process Development Center at
the University of Maine. The CNF was produced from bleached white pine pulp at 90% fines.
Acetic anhydride (AA), pyridine (Py) and D2O (99.99%) were purchased from Sigma Aldrich and
used as received.
4.2.2 Gas-phase D2O exchange and AA reaction with CNF films
CNF films were prepared, following the procedure developed by Ikram et al165, and are
described in Chapter 3. The in situ IR gas and scCO2 cells are also described in Chapter 3. In this
chapter, we describe only those elements of the experimental setup that were not used in Chapter 3.

Figure 4.1: Experimental set up for D2O exchange and acetylation reaction
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For the gas phase studies, the only additional procedures involve delivery of the D2O, AA and Py
to the IR cell containing the CNF film.
Figure 4.1 shows the experimental setup for the gas phase D2O exchange and acetylation
reactions. A 25 mm diameter CNF film was placed inside the IR cell and the cell was connected
directly to a vacuum line system using a glass extension connector. About 1 mL of D2O or a
mixture of 1mL AA and 1.5 mL Py were placed in separate vessels (V2 for D2O and V3 for AA/Py).
Each vessel was equipped with a Chemglass vacuum valve and a greaseless female ball joint. The
vessels were attached to the vacuum line and the D2O and AA/Py mixture were degassed by several
freeze- thaw cycles.
4.2.2.1 D2O Experiments
Prior to the addition of D2O, the cell was evacuated at 50°C to remove all adsorbed water
from the CNF, as determined from the IR spectrum (see Chapter 3). The IR cell was then cooled
to room temperature and an IR spectrum was recorded through the CNF. Then the IR cell was
raised to the desired temperature under vacuum. After reaching the desired temperature, the
vacuum line was closed by shutting valve V5, and then the D2O vessel was opened allowing the
D2O vapor to fill the IR cell. When exposed to the film, the D2O vapor was always in excess as
evidence of D2O rotational modes in the infrared spectrum. At the 1h mark, the D2O was evacuated
from the IR cell and the cell was exposed to a fresh dose of D2O vapor. After 2 h of reaction, the
IR cell was evacuated while maintaining the temperature to remove all adsorbed D2O from the
surface of the CNF film. The cell was then cooled back to room temperature to record an IR
spectrum. Cooling down to room temperature was done to avoid artifacts when subtracting spectra
recorded at different temperatures.
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4.2.2.2 Acetylation Reactions
A film deuterated at 170oC was brought back to room temperature and used for acetylation
reaction. The IR cell containing the CNF film was evacuated and heated to 150oC. The vacuum
line was closed, using valve V5, and the valve V3 was opened, exposing the CNF to the vapor of
both the AA and Py. The CNF was exposed to the reagents for approximately 1 h while collecting
spectra every 10 min. After the first hour of reaction, the IR cell was pumped down for 10 min by
closing V3 and opening V5. After 10 min of pumping down, V5 was closed and V3 was opened
to add a second dose of the reagents. The reaction was done for another hour and spectra were
collected every 10 min in kinetic mode. Spectra recorded during exposure to the reagents showed
the presence of bands due to gaseous AA and Py, indicating that the reagents were in excess during
the entire reaction time.
4.2.3 D2O exchange and AA/Py reactions with CNF films in scCO2
Figure 4.2 shows the experimental setup used to introduce D2O or AA/Py to the in situ
scCO2 IR cell. The D2O or AA/Py were added to a glass vial and placed inside a reagent chamber.
A CNF film was prepared as described in Chapter 3. A 15 mm diameter film was punched out
from a larger 11cm disk, put in the sample holder and placed inside the IR cell (see Figure 4.2).
The IR cell was then placed in the sample focus of the IR spectrometer. A three-way valve was
placed between the chamber and IR cell which allowed flow of both scCO2 and dry N2 through
the cell. All manipulations were performed without moving the cell from the IR beam.
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4.2.3.1 D2O Experiments
The reagent vessel containing D2O was filled slowly with liquid CO2 at room temperature
to a pressure of 6.5 MPa. Once the reagent vessel was filled, the temperature and pressure of the
vessel was raised to 70°C and 20 MPa. Next, the scCO2 IR cell containing the CNF film was
heated to 50oC at ambient pressure (0.1 MPa). Once the connecting valve was opened, the CO2
containing dissolved D2O flowed into the IR cell. The pressure in the cell equilibrated to about
10 MPa. IR spectra were recorded before and after introducing the CO2/D2O mixture.

Figure 4.2: Schematic of the set up for D2O exchange and AA/Py reaction in scCO2
4.2.3.2 AA/Py experiments
The reagent vessel was filled with 1 ml AA and 1.5 ml of Py. The reagent vessel and IR
cell containing a CNF film were heated to 120°C and 110°C, respectively. Then the reagent vessel
was filled with CO2 to 20 MPa while the IR cell with the CNF film remained at 0.1 MPa. When
the connecting valve was opened, the CO2 containing dissolved AA and Py flowed from the
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reagent chamber to the IR/CNF chamber due to the pressure gradient. The valve was opened very
slowly over 30 min so that it does not blow the CNF film out of the IR beam, The average pressure
in the cell after addition of the reagents was about 10.3 MPa. After 10 min of reaction, the cell
was depressurized to 0.1 MPa. IR spectra were recorded after introducing the reagent to the IR
cell, after 10 min incubation, after depressurization to 0.1MPa and then after 10 min of dry N2
flow. The N2 flow removed the remaining CO2 from the cell. This same process was repeated 12
times so the total reaction time was about 2 h. The reaction was performed at 105-110°C because
the IR cell could not be heated above 110oC. When the cell was heated above 110oC, the epoxy
which seals the ZnSe crystal into the outer stainless-steel case degraded, and a leak developed.
Spectra of the AA, Py and AA/Py mixture in scCO2 were also recorded. In these cases, the scCO2
IR cell did not contain a CNF film.
4.3

Results and discussion

4.3.1 D2O exchange of CNF in the gas phase

It was important to remove the adsorbed water layer from the CNF film before introducing
D2O vapor. This was done to prevent D2O exchange with both the adsorbed water layer as well
as the OH groups of CNF that, in turn, would complicate the interpretation of the spectra. Figure
4.3 shows the FTIR spectra of the CNF film in air and after removing the adsorbed water layer by
heating under vacuum at 50oC. The spectrum recorded after heating to 50oC shows that the band
at 1640 cm-1 due to adsorbed water has been removed, leaving only a very weak band around
1600 cm-1 due to a residual amount of trapped water. This remaining band due to trapped water
does not change when exposed to repeated doses of D2O vapor, showing that this water is not
accessed by the D2O.
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Figure 4.3: FTIR spectra of CNF film before and after removing adsorbed water under vacuum
Figure 4.4 shows the spectra of CNF and CNF exposed to D2O vapor for 2 h at 50, 70, 110,
150 and 170oC. In general, there is a decrease in the OH stretching modes in the 3450-3250 cm-1
region and this is accompanied by the appearance of a broad band centered near 2450 cm-1. It is
generally established that the three OH bands at 3425, 3340 and 3284 cm-1 are associated with the
C6, C3 and C2 hydroxyl groups of the glucose unit. These OH groups are hydrogen bonded
intramolecularly (O2-H---O6, O3-H---O5) and intermolecularly (O3-H---O6), respectively.
Exposure to D2O at room temperature shows a decrease in all three OH bands and the appearance
of a broad band centered at 2540 cm-1 that tails on the low wavenumber side. An expanded view
of the OD band is shown in Figure 4.4b. To aid in following the changes that occur after addition
of D2O at one temperature, we have generated the difference spectra which shows the change in
the spectral features that occur from deuteration at a given temperature from the spectra obtained
from the previous temperature. These are shown in Figure 4.5.
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(a)

(b)

Figure 4.4: (a) Infrared spectra of CNF and after exposure to D2O vapor for 2 h at various
temperatures and (b) an expanded view of the OD spectral region
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On closer inspection, the three OH stretching modes in Figures 4.4a and 4.5 do not decrease
uniformly, as most of the change occurs with the 3425 and 3284 cm-1 bands. In the difference
spectrum (RT – CNF film before D2O exchange), a broad negative band centered at 3420 cm-1 is
obtained. Thus, in the region of the C3OH band at 3340 cm-1, the difference spectrum is flat,
indicating that if this band is changing in intensity, its changing very little in intensity and
confirming that it is the outer two bands at 3425 and 3284 cm-1 that have decreased. Furthermore,
the difference spectrum shows that the deuteration primary occurs at two temperatures, initially at
room temperature and in going from 150 to 170oC. Above room temperature to 150°C, there is a
slow gradual increase in the level of deuteration.

Figure 4.5: Difference spectra generated using the absorbance spectra in Figure 4a. The RT
difference spectrum is the spectrum after D2O addition at room temperature minus the spectrum
of CNF before addition of D2O. All other difference spectra are a subtraction at the specific
temperature minus the spectrum obtained at the next lower temperature
Deuterium (D) exchange on CNF has been reported to occur in two steps. The first step
occurs almost instantaneously in the amorphous regions or more accessible regions of the CNF
and the second step is a slow process with increasing temperature which has been attributed to
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deuteration in the more crystalline regions or less accessible parts of CNF173,179. Our experiments
agree with these findings. Recall that the primary exchange at room temperature occurs with the
OH bands at 3425 and 3284 cm-1 assigned to the C6 and C2 OH groups, and little, if any change
occurs with the C3 OH band at 3340 cm-1. The shape of total OD stretching mode obtained at
room temperature also reflects this trend. A broad feature centered at 2450 cm-1 that tails at lower
wavenumbers is obtained (figure 4.5). The band at 2540 cm-1 is the C6 OD band and the tail has
contributions primarily from the C2 OD band at 2445 cm-1.
As the deuteration temperature increases from room temperature to 150oC, the bands in the
OD region increase in intensity, along with a shift in the band center due to more contribution from
the C2 and C3 OD bands (see Figure 4.5). The most dominant peak centers at 2540 cm-1 which
represents the O2-D---O6, the next one is at 2445 cm-1 representing the O3-D---O6, and the least
affected is at 2490 cm-1 which represents the O3-D---O5. This similar trend was also observed by
Hofstetter et al.173, who had performed D2O exchange using D2O vapor at 30oC.
When the temperature is raised to 50oC, most of the exchange still occurs with the C2 OH
groups. This is also evidenced in the OD spectral region, as the peak intensity has a maximum at
2540 cm-1. When the temperature is increased to 70 and 100oC, the decrease in the peak intensity
for the C2 and C3 OH bands is greater relative to the C6 OH peak which is consistent with the OD
spectral region in that the shoulder on the lower wavelength side grows and broadens. As the
temperature is increased to 110oC, the OD region clearly shows three different bands represent all
three OH groups being replaced. Song et al. 180 have performed D2O exchange of cotton linters at
105°C in a parr reactor. Their IR spectra shows all three IR OH bands shift with D2O exchange.
We also see all three OH IR bands shift with D2O exchange at 110°C and therefore, agree with
Song et al. At temperatures between 110 and 150oC, the exchange occurs mainly with the IR band
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assigned to the C3 OH group. At these temperatures, the CNF fibers begin to unravel exposing the
interchain hydrogen bonded OH groups.
The second largest change occurs when the temperature is raised from 150 to 170oC. At
this high temperature, the CNF unraveling and degradation accelerates, exposing the interior
cellulose due to scission of interchain hydrogen bonding 181. Note that the three OD bands narrow
and the negative band in the difference spectrum is the same shape as the OH manifold in the
original spectrum of the CNF.
There have been studies which describe alternative ways of obtaining a high level of OD
exchange. For example, Song et al. studied the effect of reaction temperature and time in the
presence of a catalyst. They used K2CO3 by 10 wt% of cellulose and increased the temperature to
105, 125 and 145oC. The highest level of exchange was observed at 145oC, which involved the C3
OH groups. They concluded that the high temperature aided for the faster exchange of OH groups
and the high pressure helped the D2O molecule penetrate into the crystalline areas. We calculated
the entire OD peak area ratio of OD and the entire OH peak area at 170°C and compared it to the
values obtained by Song et al. At 170 and 150oC, our calculated ratios were 0.52 and 0.37,
respectively. Song et al. reported at 150°C a ratio of OD/(OD+OH) of 0.48 after 8 h of reaction
time. This shows that the D2O exchange we obtained at 170°C is similar to the amount reported
by Song at 150°C, but note that we did employ a catalyst and our reaction time was 2 h.
4.3.2 D2O exchange in scCO2
As with the gas phase D2O exchange experiments, the first step was to ensure all the
adsorbed water was removed from the CNF film before exposing the film to D2O in scCO2. In this
case, the water was removed using scCO2 at 50oC. Figure 4.6 shows the spectra of CNF before
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and after removing the water from the CNF. The CNF film is first dried though fill/vent cycles
using scCO2 at 50oC. As shown in Figure 4.6, 3 cycles were required to remove all evidence of a
bending mode of water at 1620 cm-1.

Figure 4.6: IR spectra of CNF film before and after removing H2O using scCO2 at 50oC
Figure 4.7 shows the FTIR spectrum of CNF film after introducing the CO2/D2O mixture
to a dry CNF film. The IR spectrum shows bands at 2654, 2764, and 1188 cm-1 corresponding to
symmetric and asymmetric stretching and bending modes of D2O in scCO2 182(Figure 4.7c and
4.7b). This shows we are introducing D2O fully dissolved in the scCO2 to the film. If we were
transferring liquid D2O to the CNF film, the spectra would expect a broad stretching band near
2500 cm-1 along with a bending mode at 1210 cm-1. A broad band near 2500 cm-1 would not be
observed, as this occurs in an opaque region of the spectrum due to the strong asymmetric
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(a)

(b)

(c)

Figure 4.7: FTIR spectra of D2O in scCO2 added to a dried CNF film (a) full spectra (b) D2O bending
mode region, and (c) OD stretching mode region
stretching mode of CO2. However, no band is observed at 1210 cm-1 but rather, the bending mode
appears at 1188 cm-1. A shift to a lower wavelength in the bending mode is due to the presence
on liquid- like individual water molecules, not hydrogen bonded to adjacent D2O molecules. This
follows known spectroscopic trends for water in which the removal of hydrogen bonding between
water molecules leads to an upward shift in wavenumber in the OH stretching modes and a shift
to a lower wavenumber in the bending modes. In the OD stretching region, two bands at 2764 cm-1
and 2654 cm-1 are the asymmetric stretching and symmetric stretching modes of liquid- like
individual D2O molecules surrounded by CO2. Similar bands (albeit at higher wavelengths of
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3707 and 3616 cm-1) have been observed for 100 ppm H2O in CCl4164. The fact that these two
bands appear at a higher wavelength than the single broad band due to the liquid D2O band,
indicates that D2O molecules are not hydrogen bonded with each other but rather interacting via
weaker van der Waal’s forces with the surrounding CO2 molecules. Of note is the third band at
2700 cm-1 which is also due to D2O. This band increases and decreases in unison with the other
two stretching modes of D2O. The origin of this band shows a unique aspect of liquid-like and
gas-like properties of scCO2. For gaseous D2O, two bands at 2764 and 2654 cm-1 are not observed,
but rather are replaced by numerous rotovibrational modes covering the region between 2600 and
2800 cm-1. However, in scCO2 these rotovibrational modes coalesce into the single band at
2700 cm-1. This shows that the dissolved D2O has both liquid-like and gas-like properties182.
Since the OD bands overlap with the CO2 asymmetric stretching mode, the CO2 was vented
before recording an infrared spectrum of the CNF. Figure 4.8 shows the IR spectra obtained after
addition of D2O at 50°C. From a comparison of the peak area of the OD band normalized to peak

Figure 4.8: IR spectra of CNF film at 50°C after D2O exchange for 1 h in gas phase and scCO2
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area of CH band of CNF to that obtained for the gas phase reaction, we find a 36.6% higher
exchange in scCO2 than the exchange that we get at 50°C in the gas phase. This level of exchange
is equivalent to the reaction at 150°C in the gas phase. It shows that a similar level of deuteration
can be achieved in scCO2 but at a much lower temperature and is indicative of the power of scCO2
to bring reagents to OH groups of CNF. In the next section, we examine if this higher accessibility
with a small molecule, such as D2O, translates into higher accessibility when performing
acetylation with larger molecules.
4.3.3

Acetylation of CNF in the gas phase
The CNF film was acetylated using AA and Py by heating the CNF at 150oC, followed by

flowing the gaseous reagents into the IR cell. In this experiment, we used a D2O exchanged CNF
film. The purpose of using a deuterated film was to see if the acetylation occurs only with
deuterated OH groups or also with the non-exchanged OH groups. The FTIR spectra (Figure 4.9)
shows IR bands at 3040-3091cm-1 corresponding to C-H stretching mode of Py183, 1835 and

Figure 4.9: IR spectra of a deuterated CNF film and after exposure to AA/Py vapor for 2h
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1773 cm-1 corresponding to C=O stretching modes of of AA184, 1587 cm-1 and 1447 cm-1
corresponding to the C-H ring and bending modes of Py183. The vapor phase spectra indicates
that there is an excess of reagents present in the IR cell. After 2 h of reaction, the vapor was pumped
down, and an IR spectrum was recorded. There was no band at 1750 cm-1 and 1240 cm-1 that
generally appears after the ester bond formation to the cellulose OH group (Scheme 4.1). The
intensity of the OD band decreases and this was accompanied by an increase in the OH band,
which indicate that there was leakage of moisture inside the cell over the 2h period that the reaction
occurred while isolated from the vacuum pump.
4.3.4 Acetylation in scCO2
The first step was to determine the nature of the AA and Py in the scCO2. Pyridine and
AA liquids were separately placed into the reagent vessel and then the reagent vessel was filled
with scCO2. The Py or AA dissolved in the scCO2 and was then added to the IR cell using the
same protocols used for addition of D2O. In this case, the IR cell did not contain any CNF film

Figure 4.10: FTIR spectra of AA in liquid and in scCO2
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and hence, the spectrum obtained is for AA and Py in the scCO2. Spectra of the liquid AA and Py
were also recorded by placing a drop of each on a ZnSe window. Figure 4.10 shows the spectra of
liquid AA and AA in scCO2. The two peaks at 1834 and 1774 cm-1 are the C=O symmetric and
asymmetric stretching modes. CH3 peaks at 1433 and 1371 cm-1 correspond to symmetric and
asymmetric bending modes and the C-O stretching mode appears at 1228 cm-1. The bands at 1433
and 2071 cm-1 are bands due to scCO2163.
Note that the bands for AA under high pressure in scCO2 are sharper than the corresponding
bands in the pure liquid phase. Typical spectroscopic trends would suggest that bands undergo
pressure broadening and heterogeneous broadening in moving from the pure liquid to a mixed
solution at elevated pressures. The opposite of both trends is observed in Figure 4.10. This is
because AA has a large dipole (1.74 Debye)184 and hence, the dipole-dipole interactions in the
liquid state lead to a larger homogeneous broadening of bands in pure AA that occurring with the
lower heterogeneous broadening from the much weaker dipole- van der Wall’s interactions in the
AA/scCO2 system. This shows that the AA is not transferred to the IR cell as a liquid droplet but
rather as fully dispersed in the scCO2. More definitive proof is provided by the difference in the
ratio of the two C=O modes at 1834 and 1744 cm-1 in the spectra of AA in scCO2 and liquid AA.

(b)

(a)

Scheme 4.2: conformers of acetic anhydride (a) sp,sp, and (b) sp,a
Guange et al.

184

performed detailed ab initio IR frequency calculations for AA and

correlated these with the electron diffraction and IR spectra of AA in various solvents.

They

showed that the two most stable and dominant conformers are both nonplanar (sp,sp) and (sp,ac)
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( see Scheme 4.2). Theoretical calculations and electron diffraction patterns showed a (sp,
sp)/(sp,ac) molecule ratio of about 37/63. From this, they calculated a 1774/1835 cm-1 band ratio
of 0.6 to .86 which agreed with the experimental ratio of 0.80 obtained in the gas phase spectrum
of AA. Their model also rationalized the changes in the 1774/1835 cm-1 ratio for AA with solvent
polarity.

Figure 4.11: IR transmission spectra of AA in different solvents (adapted
from reference 184)
The relative amount of the highly polar (sp,sp, dipole moment= 4.2 D) in solution increases
with solvent polarity, resulting in a decrease in the 1774/1835 cm-1 band ratio ( see Figure 4.11).
In the spectra shown in Figure 4.11, which includes the gas phase spectrum of AA, the band at
1835 cm-1 is more intense than the band at 1774 cm-1 and the 1774/1835 band ratio decreases with
solvent polarity. This contrasts with the spectrum of AA in scCO2 shown in Figure 4.8a. Note the
106

spectra in Figure 4.11 are in transmittance. Our spectra are shown in absorbance because it is not
appropriate to offset spectra in transmittance, as this destroys the ability to compare band
intensities between spectra. However, this does not affect our argument, given that we are
comparing the relative intensity of two bands in transmittance that are on a relatively flat baseline.)
When AA is in a polar solvent, the dominating conformer is (sp,sp), since it is the higher
polar conformer. Theoretical calculations by Guang et al show that as the 1835 cm-1 band increases,
relative to the 1774 cm-1 band, with an increase in the relative amount of the (sp,sp) conformer.
Now, when the AA is in a non-polar solvent, such as scCO2, it is the 1774 cm-1 that is more intense
than the 1835 cm-1 peak because the interactions of scCO2 with the AA is through weak van der
Wall’s interactions. In gas phase, the intensity of these two bands are almost similar height because
of the dipole- dipole interactions between the gaseous AA molecules. In examining the spectral
evidence in situ, each AA in scCO2 is surrounded by CO2 molecules, rather than liquid AA
molecules being delivered to the CNF film.

Scheme 4.2: Schematic of acetylation of CNF using acetic anhydride and pyridine (reproduced
from reference 185-187)
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Figure 4.12 shows the FTIR spectra of Py-AA/scCO2 in the IR cell. The spectrum shows
the peaks at 1582 and 1440 cm-1 representing ring C-H bending modes from pyridine183 and this
is accompanied by a shift in the C=O bands of AA to lower wavenumbers. The peaks centered at
1834 and 1774 cm-1 shift to 1771 and 1727 cm-1, respectively. This shift indicates that there is a
binding interaction between the AA and Py. It is known in acetylation reaction of AA with an
alcohol in the presence of pyridine as the catalyst, that the pyridine forms a pyridinium ion with
the acetyl group of AA and this complex would result in a shift of the C=O stretching mode 185–187
(see Scheme 4.3) . Thus, these individual AA/Py complexes surrounded by CO2 molecules are
what would be presented to the CNF films.
Acetic anhydride in scCO2

Acetic anhydride in scCO2

Figure 4.12: IR spectra of AA (a) liquid state and in scCO2, and (b) after adding Py in scCO2
In the next experiment, we exposed a CNF film to the AA/Py mixture in scCO2 at 110°C
and 12 MPa. At the end of the acetylation reaction, the film was taken out of the IR cell and an
absorbance spectrum was recorded (see Figure 4.13). The IR spectrum has additional bands at
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Figure 4.13: IR spectrum of CNF film acetylated at 110°C
1754 cm-1 and 1240 cm-1 corresponding to the formation of ester C=O and C-O bonds due to
reaction between the anhydride and the OH group of CNF, confirming that acetylation of cellulose
has occurred. This is in stark contrast to the gas phase reaction in which no evidence of acetylation
was observed even after reaction at 150°C for 2 h. This shows that scCO2 can bring larger reagents
than D2O into the CNF and achieve reaction with the OH groups. Furthermore, because scCO 2
has no surface tension, removal of the solvent by venting did not alter the outer appearance of the
CNF film. This potentially has implications for post surface modification of CNF based materials,
once fabricated into their final shape.
4.4

Conclusion
In this chapter, the accessibility of CNF was studied as a function of temperature using

D2O exchange in combination with in situ IR spectroscopy in both the gas phase and in
supercritical CO2. It is shown that the D2O exchange occurs to a greater degree in scCO2 than in
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the gas phase. The level of deuteration at 50°C in scCO2 was equivalent to that achieved in the gas
phase at 150°C. This has implications for conduction surface reactions in scCO2, as the scCO2 can
bring reagents to cellulose fibers more efficiently, compared to the gas phase. This higher
accessibility in scCO2 was demonstrated with the acetylation reaction of CNF film. No reaction
was observed in the gas phase, whereas acetylation was obtained in scCO2.
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5
5.1

CHAPTER 5: ESTERIFICATION OF SPRAY DRIED CNF IN SCCO2

Introduction
The development of sustainable or bio-sourced material has gained tremendous interest in

recent years as there is a push to decrease the use of petroleum-based plastics. Replacing
petroleum-based plastics with more benign materials would impact both global warming as well
as reduce the accumulation of plastics in landfill sites and the oceans188. One of the growing
applications of plastics is in 3D printing technology. As 3D printing is becoming more available,
the use of plastics is also increasing. Making 3D printable polymers, such as poly lactic acid
(PLA), polypropylene (PP), and polyethylene terephthalate glycol (PETG), more biodegradable
would result in 3D printing technology becoming more sustainable87.
Cellulose nano fiber (CNF) has gained much interest recently as an additive material for
thermoplastics used in 3D printing87. The high aspect ratio of CNF as well as the inherent
hydrogen bonded architecture, particularly in the crystalline regions of the CNF, provide a means
to increase the tensile strength of the thermoplastic/CNF composite material.

One of the

challenges with using CNF for this purpose is the need to dry the CNF before compounding with
the polymer. This aspect was the topic of discussion in Chapter 3. Another challenge, which is
the subject addressed in this chapter, is the compatibility associated with introducing a hydrophilic
CNF into a hydrophobic polymer matrix. An approach to improving the compatibility is to modify
the surface of the CNF fibers or the polymer. Most commonly, the CNF is chemically modified
to render the material hydrophobic in nature.
CNF, with its high aspect ratio and narrow diameters of 5 to 100 nm, gives rise to a
relatively high surface area with exposed hydroxyl groups readily available for chemical reactions.
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There are numerous approaches used to modify the cellulose nanofibers with different chemical
moieties, such as acetyl, butyl, lauryl, and palmitoyl. The chemically modified CNF is then mixed
into a hydrophobic polymer matrix and the mechanical properties are measured.
In Chapter 4, we showed that acetylation of CNF films can be accomplished more
effectively in scCO2 than in the gas phase. In this chapter, we extend this work and now evaluate
the experimental conditions leading to esterification of spray dried CNF (SDCNF) powders with
various alkyl anhydrides in scCO2. The role of scCO2 in the esterification reaction was evaluated
for a batch reaction where the reactants and SDCNF are in one reactor, separated by a gap, as
compared to the separate reagent vessel that was used in Chapter 4. Reaction parameters, such as
temperature, reaction time, and chain length of the anhydride, were varied and the level of reaction
on the SDCNF was optimized, based on the analysis by IR, XRD, and SEM. The SDCNF was
selected because it has been scaled up by the Gardner Research Group at the University of Maine
and is a mainline candidate material for use in PLA/CNF composite materials in large-scale 3D
printing. The esterified SDCNF were compounded with PLA and the tensile strength of the
composite materials were measured.
5.2

Experimental

5.2.1 Material
SDCNF, at 90% fines, was provided by the Gardner Research Group at the University of
Maine. The process of spray drying CNF is described by Peng et al 189. Acetic anhydride (AA),
butyric anhydride (BA), hexanoic anhydride (HA), trimethyl acetic anhydride (TMAA) and
pyridine (Py) were purchased from Sigma Aldrich and were used as received.
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5.2.2 Acetylation of SDCNF in supercritical CO2

(a)

(b)

Figure 5.1:Esterification of SDCNF in scCO2 (a) the experimental setup, and (b) the home build
glass vessel inserted into the CO2 chamber
A schematic of the experimental setup used for the batch reaction in supercritical CO2 is
shown in Figure 5.1a. The set up consists of a CO2 cylinder connected to a HPLC pump (SFC 24),
which, in turn, is connected to the scCO2 reactor. The reactor volume is about 25 mL. We have
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used a home-built vessel in which the reagents were placed at the bottom of the vessel and
separated from the SDCNF powder. The home-built reactor is shown in Figure 5.1b. A glass vial,
65 mm in height and diameter 19 mm, was cut in half. The bottom half of the vial was used to
contain the liquid reagents and the other half, which includes the neck part of the vial, was used to
support a metal grid. The metal grid provided the mechanical framework to support the weight of
the SDCNF. SDCNF is a fine powder, so we used a PTFE membrane on top of the metal grid to
hold the powder and separate the SDCNF from the reagents. The PTFE membrane had a nominal
pore size of 0.4 µm and was obtained from Orono Spectral Solutions Inc. A solution of 1 mL of
the alkyl anhydride and 1.5 mL of pyridine was placed in the bottom half of the glass vial and the
vial was placed inside the reactor vessel. Then, a 200 mg sample of SDCNF was placed on the
PTFE membrane supported on the metal grid, as shown in Figure 5.1b. The top half of the vial
containing the SDCNF was then placed on top of the vial containing the reagents. The chamber
was filled slowly with liquid CO2 at 18°C and 6.5 MPa. The inlet to the reactor was at the bottom
and thus, filling occurred from the bottom of the reactor vessel with the liquid CO2 passing through
a fritted disk that spread the liquid CO2 evenly across the diameter of the reactor cell. The
meniscus of the liquid CO2 slowly rose to the top of the bottom section of glass vial containing the
reagents and spilled over the top into the bottom section of the glass vial. The addition of liquid
CO2 continued until the reactor vessel was filled. By using this approach, there was little, if any,
contact of the SDCNF with liquid reagent. Once filled with liquid CO2, the pressure and
temperature were increased to 10MPa and 100°C for a given time. The chamber was then cooled
to room temperature, followed by depressurizing to 0.1 MPa. The sample was removed, washed
with 100-200 mL of ethanol to wash off most of the unreacted acetic anhydride and pyridine,
followed by drying at 40°C under vacuum. The experiment was repeated at reaction temperatures
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of 120 and 150°C. The reaction was also done for 30, 60 and 120 min to optimize the reaction
time and the samples are labeled as ACNF 30 min, ACNF 60 min and ACNF 120 min. SDCNF
was also modified using BA, HA and TMAA at 150oC for 120 min and these samples are labeled
BCNF, HCNF and TMAACNF, respectively.
5.2.3 PLA/acetylated SDCNF composite
The acetylated SDCNF was compounded with PLA. A total of 5 g PLA and acetylated
SDCNF was compounded with 2, 5, and 10 wt% SDCNF loading using a small-scale melt mixer
at 170oC. The composite material was then ground using a coffee blender. Specimens for tensile
strength measurement were prepared by compression molding. The ground composite material
was first pressed into a thick film which is about a 1.5 mm thick at 170oC. Pieces were cut from
the thick film and compress molded into dog-bone shape. The tensile strength was measured using
an Instron 5942 Universal Testing Machine. The samples were kept at room temperature for 24
hours before testing.
5.2.4 Characterization
Infrared spectra of the untreated and acetylated SDCNF were recorded using an ABB
FTLA 2000 spectrometer at 8 cm-1 resolution. The powders were pressed as a KBr disc and spectra
were recorded in transmission mode.
A Zeiss N vision 40 system was used to record SEM images of the bare and acetylated
SDCNF. The X-Ray powder diffraction patterns were recorded on a PANanalytical X’pert MRD
X-Ray diffraction system using Cu-Kα radiation at a scanning rate of 0.3 /sec. The powder sample
was placed on double-sided transparent tape which led to a uniform film on the glass slide. X’pert
HighScore Plus Software was used to analyze the spectra.
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Thermogravimetric analysis (TGA) was done using a TGA Q500 (TA instruments, New
Castle, DE). A sample size of 7-10 mg was weighed and placed on a Pt holder. The experiment
was performed under N2 flow of 40 mL/min in a range of 18-600oC. The temperature was
increased at a rate 10oC/min.
5.3

Results and Discussion

5.3.1 IR Spectral Analysis
The first set of batch experiments involved varying the reaction temperature and time to
determine the reaction conditions leading to the highest level of acetylation on the SDCNF. IR
spectra of the samples were recorded to monitor the relative level of acetylation. Figure 5.2 shows
the IR spectra of the SDCNF and the SDCNF after acetylation at different temperatures for 4 h.
The CNF (Fig 5.2a) has bands at 1060 cm-1, 2800-2900 cm-1 and 3000-3600 cm-1 corresponding
to C-O ring mode, C-H mode and -OH stretching mode, respectively. The broad OH mode
between 3000-3600 cm-1 has contributions from the OH groups of the SDCNF and the adsorbed
water layer, whereas the band at 1640 cm-1 (OH bending mode) is only due to the adsorbed water.
The IR spectra of the acetylated SDCNF (Fig 5.2b, c and d) has additional bands at
1754 cm-1 and 1240 cm-1 corresponding to the formation of ester C=O and C-O bonds due to
reaction between the anhydride and the OH group of SDCNF, confirming that acetylation of
cellulose has occurred. There are no bands at 1790 and 1830 cm-1 corresponding to C=O of acetic
anhydride or at 1710 cm-1 corresponding to acetic acid. In addition, there are no bands at 1120 and
1280 cm-1 corresponding to C-O bond of acetic anhydride and acetic acid, respectively. This
indicates that the C=O band intensity is solely arising from ester band formation to cellulose and
not to residual AA or acetic acid in the CNF. Also, we calculated the ratio of peak area of 1756 cm-1
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band to peak height of 1240 cm-1 band and found the ratio to be constant for the samples acetylated
at 150 and 120oC. This further confirms that there is no contamination from unreacted acetic
anhydride or the reaction byproduct, acetic acid.

Figure 5.2:IR spectra of (a) CNF, acetylated CNF at (b) 100°C, (c) 120°C and (d) 150°C
The intensity ratio of the ester C=O (1754 cm-1) to the cellulose C-O peak (1060 cm-1)
provides an estimate of the relative amounts of acetylation
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. The calculated ratio was 0, 0.04,

0.15 and 0.65 for pure SDCNF, and reactions were conducted at 100, 120 and 150°C, respectively.
With the increase in reaction temperature, there is an increase in the extent of acetylation. For
example, we obtain 17 times higher amounts of acetylation at 150°C compared to 100°C.
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We calculated the ratio of 1750 to 1160 cm-1 bands at 100 and 120oC to compare with the
ratios obtained for acetylated film at 110°C given in Chapter 4. Recall that the reaction of a CNF
film with AA and Py described in Chapter 4 were with the AA and Py loaded into a separate
reaction vessel separated from the IR cell. The 1756/1160 cm-1 ratios obtained for the reaction at
100oC and 120oC were 0.06 and 0.19 whereas, the ratio obtained for the acetylated CNF film given
in Chapter 4 was 0.12. The ratios are within expectation, given that the reaction with the IR cell in
Chapter 4 was performed at 110°C. Hence, the reaction in the batch reactor, described in this
chapter, is with AA and Py dissolved in scCO2 and not through immersion of the SDCNF in liquid
reagents. We also note that after acetylation, the SDCNF retained its powdery morphology,
supporting that the reaction occurred in scCO2.
We next optimized the reaction time. Since reaction at 150°C showed the maximum
amount of acetylation, this temperature was chosen for determining the optimum reaction time.
Figure 5.3 shows the 1754/1060 cm-1 band ratio obtained with various reaction times. The ratio
increases with time, from 0.5 h to 2 h, and then plateaus. Thus, reaction was completed in 2 h.
The 1754/1060 cm-1 band ratios we obtained were compared to literature value to estimate
the degree of substitution (DS). Fei et al.95 reported a method to determine DS of acetylated
cellulose using IR spectroscopy. In their study, they first constructed a calibration plot using
cellulose acetate with known values of DS. A calibration was generated using the measured
1754/1060 cm-1 band ratio plotted versed the known DS value. Using this calibration curve, the
DS value for their acetylated SDCNF was calculated. The DS of their acetylated SDCNF,
determined by IR spectroscopy, was verified using a NaOH based titration method97,100,190. Using
the same calibration developed by Fei et al.95, we determine a DS value of 2.0 for the CNF
acetylated at 150°C for 120 min. This means, on average 2 out of the 3 OH groups per glucose
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unit are acetylated which is lower than the starting stoichiometric ratio of AGU to acetic anhydride.
We correlated the 1756/1060 peak ratio obtained for 100 and 120oC with DS, and the DS for these
samples are 0.12 and 0.46, respectively.

Figure 5.3: IR band ratio obtained for spectra after reaction of CNF, with AA and
Py at 150°C as a function of tim
We also modified SDCNF with different esterifying agents having different chain lengths.
The reaction progression was monitored using IR spectroscopy (see Figure 5.4). The 1754/1060
peak ratio was 0.30 (DS 0.9), 0.23 (DS 0.7) and 0.4 (DS 1.2) for BCNF, HCNF and TMAACNF,
respectively. Compared to AA treatment of SDCNF, the DS decreased by 50% and 65%,
respectively, for BA and HA. Thus, the DS decreases with the size of the alkyl chain. For TMAA,
which is bulkier than AA as it contains three methyl groups rather than protons as in acetic
anhydride, the DS decreased by 38% relative to AA. Therefore, for the given reaction temperature
(150oC) and reaction times (2h), the level of esterification decreases as the chain length is increased
or as more bulky groups are introduced into the anhydride reagent. This decrease could be due to
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the differences in reaction rates or limited by the steric hindrance of the esterifying agent. We note
that the reaction could require more time to reach maximum coverage.

Figure 5.4: IR spectra of BCNF, HCNF and TMAACNF reacted with SDCNF
5.3.2 X-Ray Diffraction
Next, we examined the effect of different levels of acetylation on the crystallinity of the
SDCNF. Figure 5.5 shows the XRD patterns of SDCNF and acetylated SDCNF at 150°C prepared
using different reaction times. The untreated SDCNF sample shows 2θ peaks at 14.6, 16.5, 20.5,
22.4 and 34.7° corresponding to 110, 110, 012, 200 and 004 planes of the crystalline fraction of
the SDCNF. The peaks in the acetylated sample are broadened, indicating that the acetylation
reaction penetrated the crystalline regions of the SDCNF.
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Figure 5.5: XRD of acetylated CNF at different reaction times
The degree of crystallinity was determined using the well-established Segal method171. In
this method, the crystallinity index is estimated by Equation 5.1,
𝐼

𝐶𝑖 (%) = (1 − 𝐼𝑎𝑚 ) × 100%
200

(5.1)

where Iam is the intensity of the valley between the 200 and 110 peaks and I200 is the intensity of
the 200 peak. Using Equation 1, the crystallinity of SDCNF and SDCNF acetylated for different
reaction times are calculated. The crystallinity index was 53.5%, 33%, 20% and 8% for SDCNF,
ACNF 30 min, ACNF 60 min and ACNF 120 min, respectively.
The decrease in crystallinity, along with high levels of modification, indicates that the
scCO2 is penetrating the fibers and bringing the reagents to the OH groups in the crystalline region
of the SDCNF. When the acetylation reaction was performed, on SDCNF in the gas phase at
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150°C, no reaction occurred even after 4 hours of reaction time. On the other hand, we obtained
high levels of acetylation reaction for SDCNF by using scCO2 as the reaction medium. To
understand if the decrease in crystallinity is solely to scCO2 penetrating the fiber or a combination
of scCO2 penetration with high acetylation reaction, SDCNF powder was immersed in scCO2 at
150°C for 4 h. The CI after scCO2 treatment was 50.2% whereas, the starting SDCNF had a CI of
53.5%. This indicates that the penetration or swelling of SDCNF fiber due to the scCO 2 is
reversible.
Clearly, the decrease in crystallinity of the SDCNF is related to the degree of acetylation.
A more likely explanation involves a peeling off mechanism proposed by Mingjie et al.191.
Mingjie et al. reported the acetylation of microcrystalline cellulose with a of DS of 1.5 and 2.9 by
transesterification,

using

vinyl

acetate

(VA)

as

the

reactive

agent

and

1-ethyl-3-methylimidazolium acetate as the catalyst. They used an excess amount of VA, which
served as both the reactive agent and solvent for the reaction and explained the high level of
acetylation as due to a peeling off mechanism. As the acetylation reaction proceeds, the reactive
agent penetrates from the amorphous to the crystalline region of the cellulose. The acetylated
surface peels off and exposes the underlying non-acetylated OH groups. This would occur from
the outer edges of the crystalline region and progress inward. This phenomenon leads to a decrease
in crystallinity. Oksman et al. also reported a decrease in crystallinity of CNF after acetylation.
In this study, they acetylated CNF using acetic anhydride as the reactive agent and pyridine as the
catalyst. The acetic anhydride was added in excess so that it was also the solvent. They have also
explained the high DS as due to a peeling off mechanism.
explain our results in scCO2.
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A similar mechanism would also

Figure 5.6 shows the XRD patterns of BCNF, HCNF and TMAACNF. The CI of these
samples are 23, 35 and 27.7%, respectively. for BCNF, HCNF and TMAACNF. It would appear
the change in CI is dependent on both the chain length and amount of surface modification.

Figure 5.6: XRD pattern for BCNF, HCNF and TMAACNF
5.3.3

Scanning Electron Microscopy (SEM)

Figure 5.7: (a) SDCNF and (b) acetylated SDCNF
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SEM was used to study the morphology of the SDCNF before and after acetylation. The
SDCNF particles are micron sized and are clumped together (Figure 5.7). The acetylation does not
change the apparent morphology of the SDCNF, as we observe micron size clumped samples.
Before acetylation the clumps look evenly distributed or more aggregated. After acetylation, the
clumps appear slightly bigger in the SEM image.
5.3.4 Thermogravimetry Analysis (TGA)

TGA analysis was done on the surface modified SDCNF samples. Figure 5.8a shows the
weight percentage as a function of temperature for different samples. For all the modified SDCNF,
the temperature at which the SDCNF starts to degrade (T onset) increases after surface modification.
This means, the resistance to thermal degradation has improved after treatment. This could be
helpful when it comes to the further compounding of modified CNF with PLA. The derivative
thermogravimetric (DTG) curves are shown in Figure 5.8b. This curve shows the temperature at
which maximum amount of degradation takes place (T max). The T onset and T max of the SDCNFs
are listed in Table 2. The modified samples have a second peak centered around 480°C. This peak
is due to the cleavage of the ester bond to the SDCNF. The ACNF 120 and BCNF 120 show this
peak at around 500°C. Both the T

onset

and T max increase as the acetylation increases, except for

the ACNF 60 min. The highest amount of increase was observed for the ACNF 120 min sample,
which also had the highest level of acetylation. Now, as the chain length is increased from C2 to
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(a)

(b)

Figure 5.8: (a) TGA and (b) DTG curve for surface modified CNF samples

125

C6, the T

onset

and T

max

both decreases. This could be due to the lower level of surface

modification. As the chain length of the esterifying reagent increases, the number of OH groups
reacting with the esterifying reagent also decreases. The hydrophilic nature of unreacted OH
groups expose the CNF for thermal degradation hence, there is a decrease in the T onset and T max.
Table 5.1: Tonset and Tmax of different surface modified SDCNF samples

5.3.5 Tensile strength
The tensile strengths obtained for CNF/PLA composites at different mass loadings of
SDCNF, ACNF 120 min, and BCNF 120 min are shown in Figure 5.9. The SDCNF improves the
tensile strength of PLA by about 4% at 2 wt% loading. But as the mass loading increases, the
tensile strength decreases. In the case of ACNF 120, the 2 wt% loading level showed an increase
of 4.8% in tensile strength over pure PLA. However, as mass loading of SDCNF in the PLA
increased, the tensile strength decreased. The 10 wt% loading showed a decrease of 5.8% whereas,
SDCNF at 10 wt% loading showed a 1% increase compared to pure PLA. The BCNF showed a
decrease as well. At 10 wt%, the BCNF decreased the tensile strength by 11%. This decrease
could result from decreased CI of ACNF 120 and BCNF 120. The CI dropped by 87% and 62%
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for ACNF 120 and BCNF 120. Even though, the BCNF has higher crystallinity compared to
ACNF, there is no improvement in tensile strength. It could be because it has lower surface
modification. Overall, the tensile strength is not dictated solely by the crystallinity and
modification level of CNF but also the morphology of CNF. SDCNFs are micron size, aggregated
particles of CNF and thus, less than ideal morphology to achieve improvements in tensile strength.
It has been shown that improvements in PLA/CNF tensile strength after acetylation or other
surface modification generally occurs when the CNF retains its fibrous morphology.

Figure 5.9: Tensile strength of ACNF 120 and BCNF 120 with PLA
5.4

Conclusion
In this chapter, we explored the chemical modification of spray dried CNF using scCO 2

solvent for the first time. The level of reaction was monitored by varying the reaction duration,
temperature, and chain length of the esterifying agent. The highest level of reaction achieved was
a DS value of 2. However, the esterification reaction resulted in a lower crystallinity index after
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reaction but also showed an improvement in thermal stability. When the esterified samples were
compounded with PLA, the mechanical performance showed marginal improvement in tensile
strength. This is most likely due to the aggregated structure of the spray dried CNF. Further
studies are warranted using different morphologies, such as scCO2 dried CNF, to the relative
contributions of surface modification and morphology on the mechanical properties of CNF/PLA
composites.

128

6

CHAPTER 6: GENERATION OF HYDROPHOBIC CNF/PCC FILMS USING
ESTERIFICATION REACTION VIA SCCO2 TREATMENT

6.1

Introduction
This chapter builds on our finding that no change in the morphology occurs when scCO2 is

vented from CNF due to its lack of surface tension. Hence, this property could be utilized in post
surface treatment of different materials such as the CNF film as described in chapter 4. In this
chapter, we now investigate the use of the acetylation method described in chapter 5 to post-treat
CNF/CaCO3 (CNF/PCC) composite films that were developed by Pradnya Rao, another graduate
student in our group. While CNF based polymers have the attractive property of being
biodegradable, this occurs too rapidly as film degradation begins immediately upon contact with
water. Given the ubiquitous prevalence of water, a means of slowing down the degradation process
will be required before CNF based plastics could be a viable replacement for petroleum-based
plastics.
The reaction. as shown in Figure 6.1. is an esterification reaction between acetic anhydride
and the hydroxyl groups of CNF in the presence of pyridine as a catalyst.

Figure 6.1: Esterification of CNF using acetic anhydride and pyridine
Supercritical CO2 has high diffusivity and thus, enables reagents to access inner regions of
the fibers which result in a high level of reaction with the OH groups (chapter 4 and 5).
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Furthermore, the supercritical CO2 has no surface tension and thus, no aggregation of the fibers
occurs upon venting the CO2177,192.

Capitalizing on these two attributes, I had applied this

approach to the surface treatment to the CNF/PCC films.
6.2

Experimental

6.2.1 Materials
Acetic anhydride (AA), butyric anhydride (BA), hexanoic anhydride (HA), pyridine (Py),
and sodium polyacrylate (NaPA, Mw ̴15,000, 20% wt/vol in water) were purchased from Sigma
Aldrich and were used without further purification. The cationic PCC (CC) was supplied by
Minerals Technologies as a filter cake at 48% solids content. This PCC does not contain any
dispersant and is naturally cationic. It had a measured average particle size distribution of 2-2.5
µm and zeta potential of +32 ± 2 mV. The CNF at 15 wt.% solids and 90% fines was supplied by
the Process Development Center at the University of Maine as a filter cake. Polymer A is a
compostable barrier coating with a propriety formulation, supplied by Mantrose - Hauser
(VerdeCoat®), at 25% wt/vol in water.
6.2.2 List of CNF/PCC films
The preparation of CNF and CaCO3 are described in detail in Pradnya’s thesis chapter 4.
Two types of CaCO3, anionic and cationic, area used. The CNF/anionic CaCO3 and CNF/cationic
CaCO3 are abbreviated as CA and CC respectively. Different composition of CNF and CA/CC is
used to make film. The list of different film with or without treatment are listed in table 6.1 below.
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Table 6.1: List of CNF/PCC films with abbreviation
Sample
name

%
Cationic
PCC
-

%
CNF

Surface
treatment

Sample
Name

50CA

%
Anionic
PCC
50

%
Cationic
PCC
-

%
CNF

Surface
treatment

50CAB

%
Anionic
PCC
50

50

No
treatment

50

BA

50CC

-

50

50

No
treatment

50CCB

-

50

50

BA

30CA

30

-

70

No
treatment

30CAB

30

-

70

BA

30CC

-

30

70

No
treatment

30CCB

-

30

70

BA

10CA

10

-

90

No
treatment

10CAB

10

-

90

BA

10CC

-

10

90

No
treatment

10CCB

-

10

90

BA

50CAA
50CCA
30CAA
30CCA
10CAA
10CCA
Polymer
A
coating
50CA

50
30
10
50

50
30
10
-

50
50
70
70
90
90
50

AA
AA
AA
AA
AA
AA
Polymer
A

50CAH
50CCH
30CAH
30CCH
10CAH
10CCH
Polymer
A
coating
50CC

50
30
10
-

50
30
10
50

50
50
70
70
90
90
50

HA
HA
HA
HA
HA
HA
Polymer
A

6.2.3 Surface treatment with a hydrophobic barrier coating
The performance of films, after hydrophobic treatment using supercritical CO2, was
compared to those obtained using a commercial hydrophobic barrier coating. A dip-coating
process was used to generate films coated with the hydrophobic barrier coating (see Figure 6.2).
Samples of 50CC and 50CA films were cut into 9 x 1 cm dimensions and weighed. A 200 mL
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volume of the Polymer A suspension was poured into a 15 cm diameter shallow container. The
films were securely held between two clamps and dipped into the container. The coated films were

Figure 6.2: Schematic of the dip coating
then clamped to the drying stand along the width and the excess polymer was removed by rolling
two glass rods simultaneously in the vertically downward direction. Coated films were air-dried
for 5 minutes before being transferred to an oven for additional drying at 110oC for 20 minutes.
The coated strip was removed from the oven, and the strips were left in a TAPPI room for an
additional 24 hours for conditioning (T 402 TAPPI Standard). The coat weight was then
determined by subtracting the weight of the uncoated strip from the coated strip and dividing the
difference in weight by the area of the strip.
6.2.4 Surface modification of CA and CC films in scCO2
The CA and CC films were surface modified in supercritical CO2 by an esterification
reaction with the hydroxyl groups of CNF. Figure 5.3 shows the setup for this reaction. The liquid
reagent consisting of 1 mL of AA and 1.5 mL of Py was placed at the bottom of a glass vial and
inserted into the bottom of the reaction vessel. The films were rolled and inserted inside the
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stainless-steel chamber above the vial such that they do not contact the liquid reagent. The chamber
was then pressurized with liquid CO2 at 900 p.s.i using a Teledyne SFC24 pump. The reactor was
then heated to 1500C. When heating the reactor, the pressure inside the chamber increased. To
prevent the pressure from exceeding an upper pressure limit of 3000 p.s.i., the CO2 exit value was
opened slightly while heating to allow the CO2 to escape from the exit value while maintaining the
pressure near 2000 p.s.i. Once, the temperature reached 1500C, the exit valve was closed for the
remainder of the reaction. After 2 hours of reaction, the cell was vented, and the films were
removed and stored in a plastic bag.

Figure 6.3: Experimental setup for the esterification of CA and CC films in scCO2
6.2.5 Characterization
FTIR spectra were recorded with a PerkinElmer SpectumTwo FTIR-ATR (Waltham, MA,
USA) using a zinc selenide crystal. The resolution was 4 cm-1 and each spectrum is an average of
50 scans. X-ray powder diffraction patterns were recorded on a PANanalytical X’pert MRD X133

Ray diffraction system using Cu-Kα radiation at a scanning rate of 0.5 /sec from 50 to 500 angle.
The films were placed on double-sided transparent tape. X’pert HighScore Plus Software was used
to analyze the spectra.
6.2.6 Tensile property measurement
Mechanical properties of film strips (9 x 1 cm) were measured on an INSTRON (5564)
mechanical tester using the ASTM standard D638-02a method. Tensile measurements were
performed on the films before and after water immersion. The rate of the extension was set at 25
mm/min. A minimum of six strips of each sample type were measured before and after immersion
in water and the average maximum tensile stress, strain at break, Young’s moduli, and toughness
are reported. Water immersion was performed by adding a film to a beaker of water for 5 minutes.
When a strip with no surface modification was added to the beaker, it immediately sank to the
bottom of the beaker. When a surface modified strip was first added to the beaker, it floated on the
surface of the water for about 10 seconds and then sank to the middle of the beaker.

After 5

minutes of immersion, the strips were removed from the beaker and the excess water was removed
by pressing the film between two blotter papers for 6-7 seconds. The mechanical properties were
measured immediately after immersion in the water. We refer to films before and after immersion
in water as dry and wet films, respectively.
6.3

Results and discussion

6.3.1 Tensile properties of films coated using the hydrophobic barrier coating
Figure 6.4 shows the tensile properties of uncoated and Polymer A coated films for both
dry and wet films. The coat weight of the dip-coated films was in the range of 12±2 g/m2 and
thickness was 116 µm. For Polymer A-coated 50CC and 50CA dry films, the average strain at
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break was 5% for both uncoated and coated dry films. In contrast, Polymer A coated 50CC and
50CA dry films showed a 2, 5 and 1.5 times reduction in tensile stress, Young’s moduli, and
toughness, respectively, compared to their uncoated counterpart.
Recall that the purpose of surface treating the dry films was to achieve water repellency
while maintaining the tensile strength. Here, the simple act of applying the Polymer A coating
itself reduced the mechanical properties before exposure to any water. This reduction in the dry
state can be explained by the fact that Polymer A is a water-based dispersion. When the dispersion
is applied to the dry film, the water molecules wick inside the film. The hydrophobic coating dries
first, trapping water inside the film. The water degrades the CNF film architecture which results
in a reduction in tensile stress, Young's modulus, and toughness of the dry films.
Nevertheless, we continued with the experiment and immersed the Polymer A-coated dry
films in water. After water immersion, all wet films (either uncoated or coated with Polymer A)
showed about a 70% improvement in the tensile strain at break. This is because the films become
more malleable after water immersion.

However, the wet films are further weakened, as

evidenced by an 87% and 97% reduction in the maximum tensile stress and Young’s moduli of
the wet films compared to the dry films. There was no difference in tensile stress, Young’s moduli,
or toughness between coated and uncoated films after water immersion. Polymer A coated and
uncoated 50CC and 50CA wet films both had average strain at break (16.5 %), maximum tensile
stress (1 MPa), Young’s modulus (0.014 GPa), and toughness (17 J/cm3).
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Figure6.4: Tensile properties of Polymer A coated all CNF/PCC wet and dry films

(a) Strain at break of 50 CC and 50CA coated and uncoated dry films (b) Strain at break of 50 CC
and 50CA coated and uncoated wet films (c) Maximum tensile stress of 50 CC and 50CA coated
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and uncoated dry films (d) Maximum tensile stress of 50 CC and 50CA coated and uncoated wet
films (e) Young’s modulus of 50 CC and 50CA coated and uncoated films in a dry state (f) Young’s
modulus of 50 CC and 50CA coated and uncoated dry films (g) Toughness of 50 CC and 50CA
coated and uncoated wet films (h) Toughness of 50 CC and 50CA coated and uncoated wet films.
Thus, the hydrophobic barrier coatings were shown to be ineffective at improving the
water-resistance of cellulose/PCC-based films. As a result, further work with Polymer A coatings
was abandoned, so we did not apply this coating to 30CC, 30CA, 10CC, or 10CA dry films.
6.3.2 Characterization of surface-treated dry films prepared by using esterification in
scCO2
Figure 6.5 shows representative pictures of treated and untreated films. After treatment,
none of the films showed any visual changes in appearance.

Figure 6.5: Pictures of untreated and treated films (a) all CC and CA films before
treatment, (b) all CCB and CAB films after butyric anhydride hydrophobic
treatment
6.3.2.1 FTIR spectroscopy
Figure 5.6 shows representative IR spectra of 50CA before and after esterification with
AA, BA, and HA. Peaks in all spectra for cellulose that appear at 1060 cm-1, 2800-2900 cm-1 and
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3400-3500 cm-1 are C-O-C, C-H, and OH vibrational modes, respectively. Peaks at 712 cm-1, 872
cm-1, and 1420 cm-1 are the CO32- in-plane bending, out of plane bending, and asymmetrical stretch,

Figure 6.6: FTIR spectra of the film 50CA before and after treatment with different
anhydride
respectively of PCC193. After the esterification reaction, a peak at 1740 cm-1 appears. This is the
C=O stretch of the ester bond formed between the OH group of CNF and the esterifying agent
(AA, BA, and HA). The relative level of esterification reaction was calculated by taking a ratio of
the ester band (1740 cm-1) to the cellulose band (1060 cm-1) and the ratio for all treated films is
shown in Figure 6.7.
For a given ratio of CNF/PCC in a film, the 1740/1060 peak ratio decreases as the length
of the esterifying agent increases (Figure 6.7).

The similar effect was also observed for

esterification of spray dried CNF as discussed in chapter 5. The lower modification can be
attributed to differences in reaction kinetic and the steric hinderance.
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Figure 6.7: Peak height ratio of 1740/1060 for different dry films

6.3.2.2 XRD Spectra

Figure 6.8: XRD spectra of all 50CA films, before and after treatment

139

Figure 6.8 shows some representative XRD spectra for treated dry films. The XRD spectra
show crystalline peaks for both cellulose and CaCO3. The most prominent peak for cellulose shows
up at 16.5 and 22.4 corresponding to 110 and 200 planes. The CaCO3 has peaks at 22.9, 29.3, 35.9,
39.3, 43.1, 47.5, and 48.5 representing 012, 104, 110, 113, 202, 024 and 116 planes194.

Figure 6.9: Crystallinity index of dry films, before and after treatment

The crystallinity index (CI) was calculated using the procedures described in Chapter 4
and 5, and is given for all dry films, before and after treatment, in Figure 6.9. The change in tensile
properties with PCC loading was due to a disruption of the hydrogen bonding between CNF fibers
and not due to a change in the crystallinity of the CNF fibers. However, after surface modification,
the crystallinity could decrease because of the reaction with hydroxyl groups within the crystalline
regions of CNF. The data in Figure 5.9 shows this is not the case for esterification in supercritical
CO2, as there is a negligible change in the C.I. obtained from the XRD spectra for dry films before
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and after reaction with the various anhydrides. The PCC particles already have disrupted the
hydrogen bonding, making the CNF more accessible to surface reaction. Therefore, for these
composite films, even after the esterification reaction, the change in C.I. is minor.
6.3.3 Tensile properties of films surface treated using scCO2
Maximum tensile stress, strain at break, toughness, and Young’s moduli of CC and CA
dry films, before and after treatment in supercritical CO2, are shown in Figure 5.10. We varied
three factors: PCC loading in the films, the type of PCC used in the films (cationic or anionic), and
the type of anhydride used in the esterification of the films (AA-treated, BA-treated, or HAtreated). After hydrophobic treatment, there was little, if any change in the tensile properties of all
treated dry films when compared to their respective untreated films. The one exception was the 10
CC films where Young’s modulus decreased about 30% after surface treatment.
The PCC loading and the anionic or cationic nature of the PCC affected the maximum
tensile stress, Young’s moduli, and toughness of the dry films. The data in Figure 6.10 shows that
the esterification from supercritical CO2 did not affect the tensile properties of the dry films. Recall
that surface modification of the dry films with the hydrophobic Polymer A hydrophobic barrier
coating formulation led to the undesirable deterioration of the tensile properties of the film. In
contrast, using the supercritical CO2 approach has solved this issue in that we saw little, if any,
reduction in the tensile properties of the treated dry films.
6.3.3.1 Tensile properties of wet films
Maximum tensile stress, strain at break, toughness, and Young’s moduli of all wet films
are shown in Figure 6.11. All wet films show a reduction in the maximum tensile stress and
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Young’s moduli, along with an increase in the strain at break, when compared to the values for the
respective dry films (see Figure 6.10). This is a desired attribute as the intent is to inhibit the

Figure 6.10: Tensile properties of dry CC and CA films, before and after treatment in supercritical CO2 (a)
Strain at break of all CC dry films (b) Strain at break of all CA dry films (c) Maximum tensile stress of all
CC dry films (d) Maximum tensile stress of all CA dry films (e) Young’s moduli of all CC dry films (f)
Young’s moduli of all CA dry films (g) Toughness of all CC dry films (h) toughness of all CA dry films
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Figure 6.11: Tensile properties of wet films (a) Strain at break for CC wet films (b) Strain at break for CA
wet films (c) Maximum tensile stress for CC wet films (d) Maximum tensile stress for CA wet films (e)
Young’s moduli for CC wet films and (f) Young’s moduli for CA wet films (g) Toughness of all CC wet
films (h) Toughness of all CA wet films
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dissolution of the bioplastic, as opposed to preventing the dissolving of the material, as this
would lead to accumulation of the material in our landfills and oceans. The intent is to slow down
this process to use the biopolymers for straws, plastic covers, utensils, etc. that have contact with
water.

In this regard, we observe that the hydrophobically treated films showed a dramatic

improvement over their untreated counterpart. For example, after immersion in water for 5
minutes, the hydrophobically treated films showed 52-82% higher maximum tensile stress and 9396% higher Young’s modulus, compared to their respective untreated wet films. The untreated
films do have a higher strain at break, compared to the treated films. The untreated films are fragile
in that they do not hold their shape which translates to a higher strain because they can be stretched
further before breaking.
6.4

Conclusion
In this chapter, we showed that treating these films with the various esterification agents

had little effect on the mechanical properties of the dry films when compared to their respective
untreated dry films. However, under wet conditions, the hydrophobic treatment in supercritical
CO2 imparts a dramatic improvement in the mechanical properties of the films.
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7
7.1

CHAPTER 7: FUTURE DIRECTION

TiO2 coated magnetic particles
In Chapter 2 we have developed a method that solved one of the major hurdles of using

TiO2 in a water treatment plant. We have shown that by introducing a sol-gel SiO2 or sol-gel TiO2
coating, the robustness of P25 coated magnetic particles could be increased and the catalysts could
be recycled. Before these particles can be used for practical application, more elaborative study on
the by-product formation during photocatalytic degradation of organic compounds is
recommended. The water source contains natural organic matter. Natural organic matter is known
to inhibit photocatalytic activity by preferentially adsorbing on the TiO2 surface, compared to the
organic contaminants, and by scavenging the free radicals formed on the surface of the
photocatalyst195. Therefore, these particles should be further tested for catalytic degradation of
organic compounds in the presence of natural organic matter.
7.2

Water reabsorption of CNF in scCO2
In Chapter 3 we have studied the water removal from CNF film with a water content of 40

wt% using in situ FTIR spectroscopy in air, vacuum, and scCO2. While drying the CNF, we
observed three different types of water associated with CNF. Some water is directly bonded with
OH groups of CNF, some water that is not directly bonded to CNF but to each other by hydrogen
bonding, and then some are non-hydrogen bonded water. The amount of each type of water left
after drying depends on the drying technique. As future work, the dried films should be exposed
to higher humidity than the room temperature humidity (Relative humidity <20%). The moisture
uptake, with an increasing amount of humidity, would help to understand the interaction of water
with the water in dried CNF film. If the reabsorption of water swells the fiber or reverses the
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aggregation of fibers, it would be reflected in the amount of the trapped water content. The water
behavior during drying can be affected by the heating rate of the sample. In future, the effect of
the heating ramp rate should be studied.
7.3

Silane reaction of wet CNF film
In Chapter 3 we have observed that the water content in CNF could be varied by varying

the temperature and drying method. This bound water in CNF could be utilized to understand a
chemical reaction that required water as a reagent, such as silanization. The silane treatment of
CNF has been reported in the literature to make the CNF hydrophobic. Generally, the silanes are
first hydrolyzed separately, then brought to the CNF. The silane treatment of CNF, with varying
amounts of water, would help to gain an understanding on the role of the bound water during
surface modification using silanization. Since the scCO2 can bring the reagent to the fibers, the
silane reaction could be done using scCO2. The hydrophobic treatment of CNF in wet conditions
could also lead to faster drying.
7.4

Development of composite using scCO2 dried CNF
In Chapter 5, we explored the surface modification spray-dried CNF in scCO2. The surface

modified CNF did not improve the mechanical property of the PLA/CNF composite. The
mechanical property is partly influenced by the morphology of the fiber. The morphology of spraydried CNF is an aggregated structure, which could be a reason leading to low mechanical
properties. To delineate the effect of morphology, scCO2 dried CNF should be used for composite
fabrication. To aid in this goal, the scCO2 set up for drying and surface modification should be
scaled up. This would allow ease of making large batch material that can be used to blend with
different thermoplastics, such PLA, PP, and PETG.
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